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ABSTRACT

Author: Johnson, Kathryn, A. MS
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Title: Investigating the Effect of Controlled Relative Humidity Storage on Amylopectin
Retrogradation in Amorphous Starch, Starch:Gluten, and Wheat Flour Models.
Committee Chair: Lisa Mauer
The development of crystallinity caused by amylopectin retrogradation has been correlated to
staling in baked goods. Different amylopectin crystal polymorphs have been found in starches
from different botanical sources and in amylopectin crystallized in different conditions. The
amount of water in each polymorph has been documented. However, the molecular mechanism
involved in bread staling and the role and distribution of water during starch retrogradation are
still debated. The objective of this study was to determine whether water is incorporated into or
expelled from amylopectin as crystal structures form during retrogradation using moisture sorption
techniques and model starch, starch:gluten, and wheat flour systems. The types of starch used
included A-type amylopectin (corn), wheat, and corn starches and B-type potato and 70% amylose
corn starches. Suspensions (5% w/w solids) of starch, 7:1 starch:gluten, and wheat flour were
heated to fully gelatinize the starch (excluding 70% amylose corn which was only partially
gelatinized), frozen, and freeze-dried to make amorphous matrices. Moisture sorption profiles of
the dried samples were collected from 5-95% relative humidity (RH) at 25°C using a SPSx-1µ
Dynamic Vapor Sorption Analyzer. To capture the retrogradation event, samples were also
monitored at 95%, 92.5%, and 90% RH. Powder X-Ray diffraction (PXRD) was then used to
determine the crystal type formed after retrogradation. In all model systems, water was expelled
from the amylopectin crystals formed during retrogradation in the moisture sorption analyzer.
Overall, retrogradation increased as %RH increased.

Additionally, the presence of gluten

xiii
increased the amount of water present in the samples after retrogradation compared to the starch
only models. At 95%RH, the PXRD data indicated that A-type starch retrograded into the A-type
pattern and B-type starch retrograded into the B-type pattern.

These results offer further

knowledge into the role of water in amylopectin retrogradation and the relationship between starch
type, the presence/absence of gluten, environmental RH (aw), moisture sorption prior to
retrogradation, and water redistribution during retrogradation.

1

LITERATURE REVIEW

1.1

Introduction
Starch is a major energy source in the human diet and is a component of many foods, such

as potatoes, rice, cereal grains, pasta, bread, and other baked goods. Native starches and modified
starches play an integral role in altering the structure, texture, and viscosity of many foods. For
this reason, structural changes of starch during the processing and aging of starch-based food
products have been studied extensively (Biliaderis, 2009). A major interest of the food industry is
structural changes to starch in starch-based foods caused by starch retrogradation. During storage
of baked goods, increasing starch retrogradation has been correlated with undesirable texture
changes in foods (i.e. staling). However, the molecular mechanism involved in staling and how
starch retrogradation is involved are still not fully understood (Gray & BeMiller, 2003). Many
studies have investigated starch retrogradation in dilute and semi-dilute starch models (i.e. gels).
However, less research has been conducted on concentrated starch models that are more analogous
to the concentrated starch environment in baked goods (Farhat, Blanshard, & Mitchell, 2000).
Therefore, to better evaluate starch retrogradation as it relates to baked goods, retrogradation in
low-moisture starch models should be investigated.

1.2

Starch Structure Overview
Starch is an important storage polysaccharide in plants where starch granules vary in size,

shape, composition, and crystallinity depending on the botanical origin (Richard F. Tester,
Karkalas, & Qi, 2004). Native starch granules are semi-crystalline with crystallinity ranging from
15% to 45%, and on average 70% of the starch polymers are in the amorphous state (Pérez &
Bertoft, 2010). The two main components of starch are the glucose polymers amylose and

2
amylopectin, which make up 98-99% of the dry weight. Amylose is primarily linear with α-(1-4)linked D-glucose units and a degree of polymerization (DP) range of 900 to 3300 (Y. Takeda,
Hizukuri, Takeda, & Suzuki, 1987). In contrast, amylopectin is a large and highly branched
polysaccharide with α-(1-4)- linked D-glucose backbones and about 5% α-(1-6)- linked branches.
Amylopectin has a typical DP range of 9600-15,900 (Yasuhito Takeda, Shibahara, & Hanashiro,
2003). Amylopectin is composed of a single C chain per molecule, containing the only reducing
residue, branched inner chains (B1, B2, B3, and B4), and unbranched outer chains (A) (Goesaert et
al., 2005; Richard F. Tester et al., 2004). Native starches from different botanical sources have
different ratios of amylose to amylopectin, but on average starch granules are comprised of 25-28%
amylose and 72-75% amylopectin (Colonna & Buléon, 1992). Starches of mutant genotypes can
have high amylose contents with 40-70% amylose, or they can have high amylopectin contents
with waxy starch containing 92-100% amylopectin (Goesaert et al., 2005; Richard F. Tester et al.,
2004).
Starch granules consist of alternating amorphous and semi-crystalline shells, which are
between 100-400 nm thick. When viewed under polarized light, native starch granules are
birefringent with a birefringence pattern known as Maltese cross, indicating a radial direction of
the polysaccharides. The amorphous shells contain most of the amylose in the granule and some
non-crystalline amylopectin regions. The semi-crystalline shells are comprised of stacks of
alternating amorphous and crystalline lamellae that are 9-10 nm thick. The amorphous lamellae
consist of amylopectin branching regions, internal amylopectin chains, and some amylose. The
crystalline lamellae mostly contain clusters of amylopectin double helices that formed from the
short, external chains of amylopectin (A and B1 chains). These amylopectin double helixes can
have different crystal packing, creating different crystal polymorph types (Goesaert et al., 2005;
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Pérez & Bertoft, 2010; Vamadevan & Bertoft, 2015). There is still much debate as to starch
granule architecture and how amylose and amylopectin are distributed and organized within the
amorphous and semi-crystalline regions. However, several granule structure models have been
proposed, including the cluster model, blocklet model, and backbone model (Bertoft, 2013; Pérez
& Bertoft, 2010).

1.3

Starch Crystal Polymorphs
In the 1930s, it was found that native starch granules give two distinct x-ray diffraction

(XRD) patterns, indicating two polymorph forms for starch (A- and B-type) (Katz & Van Itallie,
1930). A-type starch, which includes most grain starches (wheat, corn, and rice), gives the A-type
diffraction pattern. B-type starch gives the B-type diffraction pattern and includes tubers and high
amylose corn starch. A third polymorph type, C-type, was later found to be a combination of Aand B-type starch, and the C-type diffraction pattern is a superposition of A- and B-type patterns.
C-type starch includes legumes, such as pea and beans, and banana starch (Biliaderis, 1991; Sarko
& Wu, 1978). Sarko and Wu (1978) used computer modeling and XRD patterns of A- and B-type
amylose fibers to determine the crystal structures of the different polymorphs. In their structure
analysis, they determined unit cell information, designated the most likely chain conformations,
refined stereochemical unit cell packing, and then found the most probable structures with
incorporated water molecules. They found A-type and B-type amylose double helices had nearly
identical conformations with right-handed parallel-stranded helices, but A- and B-types differed
in double helix crystal packing and water content. Both A- and B-type starch crystals contain 12
glucose residues per unit cell. However, A-type crystallized in an orthogonal unit cell with 8
molecules of water per unit cell, and B-type crystallized in a hexagonal unit cell with 36 water
molecules per unit cell.
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Others later updated this model to be more consistent with new electron diffraction data and
the amylopectin structure (Anne Imberty, Buléon, Tran, & Pérez, 1991; A. Imberty & Pérez, 1988).
It is now widely accepted that the A-type amylopectin polymorph contains two left-handed,
parallel-stranded double helices, packed in a parallel arrangement, and crystallized in a monoclinic
lattice with 4 water molecules per unit cell (12 glucose residues), or 4% w/w hydration. The Btype amylopectin polymorph consists of two left-handed parallel-stranded double helices, packed
in a parallel arrangement, and crystallized in a hexagonal lattice with 36 water molecules per unit
cell (12 glucose units), or 27% w/w hydration. In general, due to the different packing, the B-type
polymorph has a channel that creates a more hydrated and open structure, whereas in the A-type
polymorph another double helix occupies this channel resulting in a more condensed structure that
allows less water (Anne Imberty et al., 1991; A. Imberty & Pérez, 1988; Zobel & Kulp, 1996).

1.4

Gelatinization
At room temperature, native starch granules are insoluble in water and thus exhibit minimal,

reversible swelling if later removed from water. However, as starch is heated in excess water,
irreversible disruption of the granule ordered structure occurs.

This process is known as

gelatinization. During gelatinization, starch granules swell and sorb water. As water enters the
starch, the molecular mobility in the amorphous regions of the granule increases and this mobility
initiates disruption of molecular order, such as dissociation of the amylopectin double helices.
This results in crystallite melting and the loss of birefringence and crystallinity. As starch swells
irreversibly and the granule is disrupted, amylose becomes more soluble and leaches from the
granule, increasing the viscosity of the starch suspension. This phenomenon is pasting. Further
heating and shear will collapse the granule structure, which is now comprised of mainly
amylopectin (R. F. Tester & Morrison, 1990). As this amorphous paste is cooled, amylose and
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amylopectin can reassociate to form a more ordered and, eventually, crystalline network. This
process is known as retrogradation and is discussed in more detail in the following section.
Gelatinization is generally required in order for starch to be functional and influence the
structure, texture, and viscosity of foods (Mason, 2009). For instance, as bread dough is baked,
starch granules swell, gelatinize, and some amylose leaches out of the granules, and upon cooling
this amylose forms a structured network (Goesaert et al., 2005). Starches from different botanical
sources vary in their gelatinization temperature ranges, but in general, gelatinization occurs over a
temperature range of 40-80°C. For example, wheat starch begins to swell at 45-50°C and swelling
continues until 85°C, while a loss of birefringence and dissociation of crystalline clusters occurs
at 50-55°C. Finally, dissociation of the double helices occurs at 55-60°C (R. F. Tester & Morrison,
1990). High amylose starches deviate from this general temperature range and have much higher
gelatinization temperatures, with gelatinization extending up to 130°C (Ai & Jane, 2015).

1.5

Retrogradation Process
After gelatinization and pasting, the restoration of molecular order in starch is known as

retrogradation. As the gelatinized and amorphous starch is cooled, the amylose that leached from
the granules reorganizes, recrystallizes into double helices, and forms a cross-linked amylose
network outside the granule. This is known as amylose retrogradation, or gelation, which is
associated with an increase in viscosity. Amylose retrogradation determines gel hardness and the
initial structure and texture of starch-based food products, including many baked products as they
cool down after baking (Miles, Morris, Orford, & Ring, 1985).
The reorganization and recrystallization of amylopectin is a much slower process, taking
several days or weeks to complete. This process is known as amylopectin retrogradation. During
storage of gels or starch-based food products, melted amylopectin, which is within the granule
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remnants, reorganizes and double helices form on the short, outer amylopectin chains that are then
packed into crystallites (Biliaderis, 2009). As amylopectin recrystallizes on the edge of the granule,
the crystallites can form hydrogen bond cross-links with the leached amylose. Amylopectin
recrystallization influences the rigidity and crystallinity of not only the individual starch granules,
but also the overall starch network (Hug-Iten, Escher, & Conde-Petit, 2003). Textural changes
associated with amylopectin retrogradation in starch-based foods can be detrimental to the sensory
attributes of the food; therefore, better understanding amylopectin retrogradation is important to
prevent unwanted textural changes in starch-based foods.

1.6

Fundamental Retrogradation Studies
The degree of crystallinity and the type of polymorph formed during amylopectin

retrogradation are dependent on factors such as amylopectin chain length (A and B1 chains), extent
of gelatinization, storage temperature, and water content (Wang, Li, Copeland, Niu, & Wang,
2015). A-type starches have shorter chain lengths (14-20) than B-type starches (16-22), while Ctype starches have chain lengths in between A- and B-type starches. Due to these differences in
chain length, B-type starches have the highest rate of retrogradation, followed by C-type starches,
and A-type starches exhibit the least retrogradation (Fredriksson, Silverio, Andersson, Eliasson, &
Åman, 1998; Kalichevsky, Orford, & Ring, 1990; Richard F. Tester et al., 2004). In evaluating
the effect of temperature on wheat starch gel retrogradation, Longton and Legrys (1981) found
that retrogradation occurred at faster rates and to a greater extent when the gels were stored at 4°C
versus 21°C and 30°C. Further, starch crystals appeared more perfect at the higher temperatures,
due to the slower retrogradation kinetics. In general, starch stored at higher temperatures (>5°C)
form the A-type polymorph, while storage at lower temperatures (<5°C) results in the formation
of the B-type polymorph (Wang et al., 2015).
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It has been well established that the rate and extent of amylopectin retrogradation is
influenced by the gel moisture content (Hellman, Fairchild, & Senti, 1954; Longton & Legrys,
1981; Zeleznak & Hoseney, 1986). Longton and Legrys (1981) used differential scanning
calorimetry (DSC) to measure the crystallinity of aged wheat starch gels. They found that
crystallinity reached a maximum in 50% starch gels, while crystallinity disappeared when the gels
contained less than 10% starch or more than 80% starch. Zeleznak and Hoseney (1986) also found
that maximum crystallinity occurred in wheat starch gels with 50-60% starch, and they determined
that regardless of the amount of water present during gelatinization, retrogradation in wheat starch
gels was influenced by the amount of water available during retrogradation.
It has been found that upon retrogradation, cereal starch gels containing less than 29% water
before gelatinization form the A-type polymorph, gels containing more than 43% water form the
B-type polymorph, and gels containing between 29% and 43% water form the C-type polymorph
(Osella, Sánchez, Carrara, Torre, & Buera, 2005). Alternatively, other studies have found that
starches containing more than 29% water at 25°C in non-gel systems formed the A-type polymorph
after retrogradation (Lionetto, Maffezzoli, Ottenhof, Farhat, & Mitchell, 2005; Perdomo et al.,
2009). Lionetto et al. (2005) examined retrogradation in wheat starch extrudates containing 37%
and 51% water and aged at 25°C, while Perdomo et al. (2009) investigated retrogradation of dried
amorphous cassava starch films at 25°C and 80°C stored in 97.3%RH desiccators. From these
studies it becomes clear that retrogradation develops differently in high-moisture models (i.e. gels)
than in low-moisture models (amorphous extrudates or films). Starch-based food products, such
as baked goods, do not exist as simple gels and thus, not all of the starch is fully hydrated.
Therefore, high-moisture starch models are likely not appropriate to use to investigate starch
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retrogradation in baked goods. Rather, retrogradation in low-moisture starch models should be
investigated to better determine the role amylopectin retrogradation plays in staling.

1.7

Bread Staling Studies
Slade and Levine (1991) proposed that bread crumb firming was caused by amylopectin

recrystallization. They hypothesized that as amylopectin recrystallized, water was redistributed
from the amorphous matrix into the B-type polymorph crystals. Bosmans, Lagrain, Ooms, Fierens,
and Delcour (2013) used 1H NMR, separate starch and gluten models that were both heated for 10
minutes at 110°C with 47% moisture (to represent bread dough) and cooled, and bread stored with
and without crust to determine the relationship between water, amylopectin retrogradation, and
bread crumb firming. All samples were stored at 25°C for up to 7 days. They also concluded that
during amylopectin retrogradation, water was incorporated into the B-type amylopectin crystallites,
pulling water out of the amorphous networks of the bread crumb. They theorized that due to the
loss of water, gluten was no longer plasticized, leading to increased crumb firmness.
Others have found that starch recrystallization and bread firming are not synonymous
(Martin, Zeleznak, & Hoseney, 1991; Rogers, Zeleznak, Lai, & Hoseney, 1988). Rogers et al.
(1988) used DSC and breads with different moisture contents and found the rate of recrystallization
did not correlate with bread firming. They found that low-moisture bread (22% moisture) firmed
at a very fast rate, however, the rate of starch recrystallization was very slow. To explain this
observation, Martin et al. (1991) theorized that bread firming results from increasing hydrogen
bond cross-links between starch and gluten. Additionally, others have found that the water activity
(aw) of bread did not decrease as bread staling increased, as would be expected if water was
immobilized within the starch crystallites during starch recrystallization (Baik & Chinachoti, 2000;
Mihhalevski et al., 2012). Based on these results, Baik and Chinachoti (2000) hypothesized that
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structural changes resulting from starch recrystallization had a greater influence on firming than
water redistribution. Using light microscopy, DSC, and wide-angle x-ray diffraction (WAXS),
Hug-Iten et al. (2003) proposed that as amylopectin recrystallizes, the overall granular rigidity
increases, and the formation of hydrogen bond cross-links between amylose and amylopectin
create a structured network that influences bread crumb firming.
Based on the available research, it becomes clear that the role and distribution of water
during amylopectin retrogradation are still not fully understood. Many studies have evaluated
starch retrogradation in high-moisture models (i.e. gels) and in bread models. However, bread
does not exist as a gel and the complexity of bread can make investigating amylopectin
retrogradation difficult. Therefore, amylopectin retrogradation in low-moisture starch models
should be further explored to determine the role and distribution of water in amylopectin
retrogradation and how this might relate to bread crumb firming.

1.8

Research Summary
The molecular mechanism involved in bread staling and the role and distribution of water

during starch retrogradation are still debated. One goal of this work was to bridge the gap between
studies on amylopectin retrogradation in gels and breads. Another objective was to determine
whether water was incorporated into or expelled from amylopectin as crystal structures formed
during retrogradation using moisture sorption techniques and model starch (Chapter 2),
starch:gluten, and wheat flour systems (Chapter 3). It was hypothesized that in all model systems,
water would be expelled from the amylopectin crystals formed during retrogradation since the
majority of crystallization events from amorphous systems result in the expulsion of water. Dried,
amorphous starch lyophiles were stored at high relative humidities (RHs) (90, 92.5, and 95%) at
25°C and the moisture sorption and desorption profiles were collected to capture data during
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retrogradation. Powder X-Ray diffraction (PXRD) was then used to determine the crystal type
formed after retrogradation. The retrograded starch was further analyzed with polarized light
microscopy (PLM) and differential scanning calorimetry (DSC). The effects of crystalline sugars
and sodium chloride on amylopectin retrogradation in wheat starch were also studied (Chapter 3).
Preliminary Rapid Visco Analyzer (RVA) data investigating the effect of different sugars at
different concentrations on starch thermal properties and amylose retrogradation are reported in
Chapter 4.
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INVESTIGATING THE EFFECT OF CONTROLLED
RELATIVE HUMIDITY STORAGE ON AMYLOPECTIN
RETROGRADATION IN AMORPHOUS STARCH MODELS

2.1

Abstract
A major interest of the food industry is how structural changes to starch in starch-based

foods caused by starch retrogradation affect the quality and shelf-life of foods.

Different

amylopectin crystal polymorphs have been found in starches from different botanical sources and
in amylopectin crystallized in different conditions. The amount of water in each polymorph has
been documented. However, the role and distribution of water during starch retrogradation are
still debated. The objective of this study was to determine whether water is incorporated into or
expelled from amylopectin as crystal structures form during retrogradation using moisture sorption
techniques and model starch systems. The types of starch used included A-type amylopectin (corn),
wheat, and corn starches and B-type potato and 70% amylose corn starches. Suspensions (5% w/w
solids) of starch were heated to fully gelatinize the starch (excluding 70% amylose corn which was
only partially gelatinized), frozen, and freeze-dried to make amorphous matrices. Moisture
sorption profiles of the dried samples were collected from 5-95% relative humidity (RH) at 25°C
using a SPSx-1µ Dynamic Vapor Sorption Analyzer. To capture the retrogradation event, samples
were also monitored at 95%, 92.5%, and 90% RH. Powder X-Ray diffraction (PXRD) was then
used to determine the crystal type formed after retrogradation. In all model systems, water was
expelled from the amylopectin crystals formed during retrogradation in the moisture sorption
analyzer. Overall, retrogradation increased as %RH increased. Additionally, the critical water
content needed to initiate recrystallization occurred at 92.5%RH for all starch models. At 95%RH,
the PXRD data indicated that A-type starch retrograded into the A-type pattern and B-type starch
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retrograded into the B-type pattern. These results offer further knowledge into the role of water in
amylopectin retrogradation and the relationship between starch type, environmental RH (aw),
moisture sorption prior to retrogradation, and water redistribution during retrogradation.

2.2

Introduction
Native starches and modified starches play an integral role in altering the structure, texture,

and viscosity of many foods. Consequently, structural changes of starch during the processing and
aging of starch-based food products have been studied extensively (Biliaderis, 2009). A major
interest of the food industry is how structural changes to starch in starch-based foods caused by
starch retrogradation affect the quality and shelf-life of foods. Many studies have investigated
starch retrogradation in dilute and semi-dilute starch models (i.e. gels). However, less research
has been conducted on concentrated starch models that are more analogous to the concentrated
starch environment in powdered foods containing pregelatinized starch, such as instant soups,
sauces, and custards (Farhat, Blanshard, & Mitchell, 2000). Therefore, to better evaluate starch
retrogradation as it relates to powdered foods, retrogradation in low-moisture starch models should
be investigated.
During storage of gels or starch-based food products, melted amylopectin reorganizes and
double helices form on the short, outer amylopectin chains that are then packed into crystallites.
This process is known as amylopectin retrogradation, and it is a slow process, taking several days
or weeks to complete (Biliaderis, 2009). The amylopectin double helices can have different crystal
packing, creating different crystal polymorph types. The A-type amylopectin polymorph contains
4 water molecules per unit cell (12 glucose residues), or 4% w/w hydration, while the B-type
amylopectin polymorph contains 36 water molecules per unit cell (12 glucose units), or 27% w/w
hydration (Anne Imberty, Buléon, Tran, & Pérez, 1991; A. Imberty & Pérez, 1988).

18
It has been found that upon retrogradation, cereal starch gels containing less than 29%
water before gelatinization form the A-type polymorph, gels containing more than 43% water form
the B-type polymorph, and gels containing between 29% and 43% water form the C-type
polymorph (Osella, Sánchez, Carrara, Torre, & Buera, 2005). Alternatively, other studies have
found that starches containing more than 29% water at 25°C in non-gel systems formed the A-type
polymorph after retrogradation (Lionetto, Maffezzoli, Ottenhof, Farhat, & Mitchell, 2005;
Perdomo et al., 2009). Lionetto et al. (2005) examined retrogradation in wheat starch extrudates
containing 37% and 51% water and aged at 25°C, while Perdomo et al. (2009) investigated
retrogradation of dried amorphous cassava starch films at 25°C and 80°C stored in 97.3%RH
desiccators. From these studies, it becomes clear that retrogradation develops differently in highmoisture models (i.e. gels) than in low-moisture models (amorphous extrudates or films). Starchbased food products, such as instant powdered foods, do not exist as gels. Therefore, highmoisture starch models are likely not appropriate to use to investigate starch retrogradation in
powdered foods. Rather, retrogradation in low-moisture starch models should be investigated to
better determine the role amylopectin retrogradation plays in starch structural changes that occur
during storage and how these changes affect the quality of powdered food products containing
pregelatinized starch.
It is clear that the role and distribution of water during starch retrogradation are still not
fully understood. The objective of this study was to determine whether water was incorporated
into or expelled from amylopectin as crystal structures formed during retrogradation using
moisture sorption techniques and concentrated model starch systems, which are more
representative of those found in powdered foods than gels. Additionally, the type of amylopectin
crystal polymorph formed after retrogradation was investigated.
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2.3

Materials and Methods

2.3.1 Materials
The variety of starches used to study starch retrogradation were: wheat starch from ADM
(Decatur, IL); corn starch, potato starch, and 70% amylose corn starch from Ingredion
(Bridgewater, NJ). Additionally, the amylopectin fraction from corn starch from MP Biomedicals,
LLC (Solon, OH) was used. Saturated solutions of potassium sulfate (K2SO4) from Mallinckrodt
Baker, Inc. (Phillipsburg, NJ) were used to control RH (97% RH) in desiccators. Drie-RiteTM from
W.A. Hammond Drierite Co. (Xenia, OH) was used to create dry (<3% RH) conditions in
desiccators. Liquid nitrogen was used to rapidly freeze amorphous, gelatinized starch and to
cryomill starch lyophiles. All water used in experiments was deionized and filtered by a Barnstead
E-Pure Lab Water System (Dubuque, IA) to >17.4 milliohm-cm.
2.3.2 Sample Preparation
Control starch samples were used as supplied. Lyophilized starch samples were prepared
as described here. Prior to lyophilization, all starches were prepared by boiling 100 g of a 5% w/w
starch slurry for at least five minutes to gelatinize the starch. The gelatinized slurries were poured
into 350 mL Lock & Lock airtight rectangular food storage containers (Lock & Lock USA
Distributor, Inc, Anaheim, CA). Liquid nitrogen was then used to rapidly freeze the slurries to
prevent starch recrystallization.

The frozen samples were stored overnight at -20°C then

transferred onto trays of a Harvest Right Scientific Freeze Dryer (Harvest Right, North Salt Lake,
UT). Lyophilization took 72 hours to complete. The pressure in the freeze dryer was reduced to
300 mTorr to dry the samples, and they were held for 12 hours at each of the following
temperatures: -35°C, -25°C, -15°C, -5°C, 5°C, 15°C. After lyophilization was completed, the
samples were removed from the freeze dryer, cryomilled with liquid nitrogen, and stored in Drie-
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RiteTM desiccators (<3% RH) at room temperature to prevent moisture sorption before experiments
began. Due to the high gelatinization temperature of 70% amylose corn starch (>100°C), these
slurries were never fully gelatinized, and thus they were partially crystalline after lyophilization.
2.3.3 Moisture Content Determination
The starting moisture contents of the control and lyophilized starches were measured using
a vacuum oven (Precision Scientific, Chicago, IL). Samples (~0.8g) were weighed into aluminum
sample cups, then placed into the vacuum oven. After drying for 3-4 days at 100-110°C and 15–
25 mm Hg of vacuum, the samples were again weighed, and the wet basis moisture content was
determined based on the mass lost. Samples were analyzed in triplicate.
2.3.4 Dynamic Vapor Sorption
Moisture sorption profiles were collected at 25°C for all starch lyophiles and starch controls.
Samples (approximately 150-200 mg) were added to 30 mm aluminum pans that were then placed
inside a SPSx-1µ Dynamic Vapor Sorption Analyzer (Project Messtechnik, Ulm, Germany).
Samples were analyzed from 5-95% RH in increments of 5% RH with 15 minute weighing cycles
and a 0.001% mass change equilibrium condition. Lyophile samples had 12 hours of equilibration
at each step, while the controls had 4 hours of equilibration at each step due to the increased
possibility of mold growth. The data were adjusted to account for the starting moisture content,
and all samples were analyzed in triplicate.
Results from the moisture sorption profiles of the starch lyophiles indicated the most
dramatic changes occurred above 90% RH, and these high %RHs are relevant to the high average
water activity of bread crumb (0.95-0.96) (Czuchajowska, Pomeranz, & Jeffers, 1989). Therefore,
to best capture amylopectin retrogradation, experiments were conducted that investigated the
moisture sorption and desorption of each starch lyophile and control over time as the samples were
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held at constant high RHs (90, 92.5, and 95% RH) at 25°C in the SPSx-1µ Dynamic Vapor
Sorption Analyzer. Here again, approximately 150-200 mg of each starch lyophile and control
were added to 30 mm aluminum pans that were then placed inside the instrument. Mass changes
were measured over time with 15 minute weighing cycles at 90, 92.5, and 95% RH at 25°C, and
samples were removed after equilibration had been reached. Equilibration was defined as a mass
change ≤0.2% within 15 minutes, and was generally reached within 72 to 350 hours for control
and lyophile starches, respectively. The data were adjusted to account for the starting moisture
content, and all samples were analyzed in triplicate. Following completion of the moisture
sorption experiments, samples were immediately analyzed by PXRD to document their physical
states.
2.3.5 Desiccator Study
The maximum %RH the SPSx-1µ Dynamic Vapor Sorption Analyzer can accurately
control and measure is 95% RH. To investigate amylopectin retrogradation at a higher %RH, a
desiccator study was conducted at 97% RH using a saturated solution of potassium sulfate (K2SO4).
Both starch controls and lyophiles were stored in 97% RH desiccators at 25°C, and samples were
weighed every 24 hours for up to 4 days for controls and 7 days for lyophiles. For PXRD and
DSC analysis, samples were held in separate desiccators that were not opened and closed prior to
further analysis. The data were adjusted to account for the starting moisture content, and samples
were analyzed in triplicate.
2.3.6 Powder X-Ray Diffraction
Powder X-ray diffraction (PXRD) was used confirm the physical state of the starch controls
and the lyophiles after freeze drying, as well as to document retrogradation and the type of starch
crystal polymorphs formed in the starch lyophiles after equilibration at 90, 92.5, 95, and 97% RH.
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Samples were transferred to an aluminum PXRD slide and analyzed with a Shimadzu LabX XRD6000 (Shimadzu Corporation, Kyoto, Japan) equipped with a Cu-Kα source set in Bragg-Brentano
geometry. Before analysis, calibration was done with a silicon standard. Analysis was performed
at 40kV and 50mA using fixed time with a 0.02 step size and 2.5s/step from 10°-30° 2θ. Basic
Process software version 2.6 (Shimadzu Corporation, Kyoto, Japan) was used to collect peak
information, classify crystallinity, and identify polymorph type from the diffraction patterns.
Crystallinity was classified as follows: amorphous samples displayed no discernable peaks above
the baseline; partially crystalline samples displayed small, but recognizable peaks above the
baseline; and crystalline samples showed clear, intense peaks above the baseline. Starch crystal
polymorph type was identified as follows: A-type polymorph had diffraction pattern peaks at
15.5°, 17.25°, and 23.5° 2θ; B-type polymorph had peaks at 15-15.5°, 17.25° and doublet peaks at
22.5° and 24.1° 2θ; and C-type polymorph had peaks at 15.5°, 17.25°, and a mix of A-type and Btype peaks between 22° and 24° 2θ (Zobel, 1988).
2.3.7 Photography
Starch lyophiles were photographed in an Elviros light box with a white background before
and after equilibration at 90, 92.5, 95, and 97% RH. A Samsung Galaxy S7 phone was used to
take the photographs.
2.3.8 Polarized Light Microscopy
Polarized light microscopy (PLM) was used to investigate visual changes that occurred
during retrogradation. Polarized light interacts strongly with birefringent (crystalline) samples,
and therefore this technique enabled the observation of birefringent or ungelatinized starch
granules within a sample.

Ungelatinized starch shows typical Maltese crosses while fully

gelatinized starch appears as hollow “ghosts.” Starch lyophiles and controls were analyzed with
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an Omano OM349P Polarized Light Microscope (The Microscope Store LLC, Roanoke, VA) with
an iDu microscope attachment and iPhone 6s camera before and after 90, 92.5, 95, and 97% RH
equilibration. A small amount of sample was placed on a glass microscope slide, a drop of water
was added, and a cover slip was placed on top. Samples were observed at 100x and 400x
magnification using polarized light in brightfield and darkfield illumination.
2.3.9 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to investigate retrograded amylopectin
crystal melting. Thermal analysis of starch lyophiles and control samples after 90, 92.5, 95, and
97% RH equilibration was conducted using a Perkin Elmer DSC 4000 (Perkin Elmer, Waltham,
MA). The instrument was calibrated with indium and purged with nitrogen gas. Approximately
7 to 12 mg of sample was added to a DSC sample pan (part No. B0169321) (Perkin Elmer,
Waltham, MA) that was then hermetically sealed. The samples were heated from 10 to 240°C at
10°C/minute with an empty reference pan. Onset and peak melting temperatures and enthalpy of
melting were calculated using Pyris software version 10.1 (Perkin Elmer, Waltham, MA) by
identifying the intersections between tangent lines of the baseline and sides of the peak. Samples
were analyzed in triplicate.
2.3.10 Water Activity Measurements
When samples were removed from the SPSx-1µ Dynamic Vapor Sorption Analyzer, they
were immediately placed into high-density polyethylene (HDPE) water activity cups (Decagon
Devices Inc.) and capped with HDPE lids to prevent any moisture sorption or desorption with the
environment. Due to the small sample size, triplicate samples were placed into one water activity
cup for measurement. The water activities (aws) of the starch lyophiles and controls were measured
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soon after 90, 92.5, 95, and 97% RH equilibration at 25°C with an AquaLab 4TE dew point water
activity meter (Decagon Devices Inc., Pullman, WA).
2.3.11 Statistical Analysis
Two-way ANOVA using Minitab 17 (Minitab Inc, State College, PA) was performed on
data collected from the moisture sorption and desorption profiles and DSC experiments. The two
factors were starch type and %RH. One-way ANOVA Tukey comparisons were also performed
on each of those factors. A significance level of α = .05 was used in all cases.

2.4

Results and Discussion

2.4.1 Moisture Sorption Profiles of Starch Controls and Lyophiles
The moisture sorption profiles for control starches and starch lyophiles are shown in Figure
2.1A and B, respectively. The starting moisture contents for the control starches (8.83-13.58%)
were greater than those of the lyophiles (<2%), which is reflected in the initial mass loss observed
for the controls (Table 2.1). In general, the starch lyophiles sorbed more water than the starch
controls as %RH increased, although for both the controls and lyophiles moisture sorption profiles
did not vary much between starch types at %RHs less than 85%RH. As %RH increased above
85%RH, the profiles began to deviate more between starch types. Additionally, after an initial
increase in moisture sorption at 85%RH, the starch lyophiles began to desorb water over time.
Between 90 and 95%RH, the starch lyophiles again initially sorbed a large amount of water and
began to desorb water, especially at the end of the holding time at 95%RH. These results are
consistent with studies by K. Jouppila and Roos (1997) and Kirsi Jouppila, Ahonen, and Roos
(1995). K. Jouppila and Roos (1997) used vacuum desiccators and saturated salt solutions to
determine the water sorption properties of freeze dried, powdered, and amorphous corn starch.
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Additionally, XRD and DSC were used to estimate the critical relative humidity and the critical
water content for amorphous corn starch, which were found to be 86%RH and 24.3%, respectively,
at 25°C. Using the same techniques, Kirsi Jouppila et al. (1995) found the critical relative humidity
and the critical water content for freeze dried, powdered, and amorphous amylopectin from corn
starch to be 90%RH and 25.2%, respectively at 25°C. When these critical values are exceeded at
25°C, physical changes, such as crystallization, can occur in an amorphous sample due to the
increased molecular mobility that results as Tg decreases below room temperature (Roos, 1993).
The moisture contents of the control samples never exceeded 23% even at the high %RHs (Figure
2.1A), while the starch lyophiles sorbed >25% water at 95%RH (Figure 2.1B). This could help to
explain why moisture desorption was only observed for the lyophiles at the highest %RHs.
Based on these findings, it was hypothesized that the water desorption seen in the starch
lyophiles at %RHs above 85%RH was correlated to the beginning of amylopectin recrystallization
or retrogradation. During many crystallization events from amorphous systems, water is expelled
resulting in mass loss. For example, at constant temperature and high %RHs, amorphous lactose
crystallization in milk powder resulted in time-dependent release of sorbed water. Additionally,
the rate of lactose crystallization increased as %RH and water content increased (K. Jouppila,
Kansikas, & Roos, 1997; K. Jouppila & Roos, 1994). Furthermore, when freeze dried, powdered,
and amorphous corn starch was stored in a 93.6%RH desiccator at 25°C, water desorption was
seen over time as the starch recrystallized and preliminary XRD results indicated the corn starch
formed the A-type polymorph upon recrystallization (K. Jouppila & Roos, 1997). To determine if
amylopectin retrogradation had indeed occurred, the starch controls and lyophiles were analyzed
with PXRD before and after moisture sorption profiles were collected. Diffraction patterns of the
control starches before and after moisture sorption profiles are shown in Figure 2.2A-E, and the
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diffraction patterns of the starch lyophiles before and after are shown in Figure 2.3A-E. As
expected, no change in crystalline PXRD patterns were found before and after moisture sorption
profiles were collected for the starch controls (Figure 2.2A-E). The starch lyophiles were
confirmed to be amorphous before moisture sorption profiles were collected, excluding 70%
amylose corn starch, thus, any crystallinity seen in the diffraction patterns of lyophiles after the
profiles were collected can be attributed to starch retrogradation (Figure 2.3A-E). It should be
noted that due to the high gelatinization temperature of 70% amylose corn starch, the starch slurries
were never fully gelatinized before lyophilization, resulting in partially crystalline lyophiles. The
diffraction patterns of the lyophiles before moisture sorption have only a halo with no discernable
peaks, except 70% amylose corn starch, while the lyophiles after moisture sorption have some
small peaks with weak intensities, indicating some starch retrogradation had occurred (Figure
2.3A-E). However, these weak peak intensities compared with the controls (Figure 2.2A-E)
indicate the lyophiles were only slightly partially crystalline and the type of starch polymorph
formed could not be determined.
The moisture sorption profiles of the starch lyophiles showed the most dramatic moisture
sorption and desorption changes at high %RHs (>90%RH), but the step time was limited to 12
hours at each %RH. Because amylopectin retrogradation kinetics take days, not hours, with
notable changes in bread staling during the first 15 days of storage, after which crumb firmness
remains constant (He & Hoseney, 1990), and these high %RHs are more relevant to the high
average water activity of bread crumb (0.95-0.96) (Czuchajowska et al., 1989), further experiments
were designed to explore amylopectin retrogradation as the samples were held at constant
high %RHs (90, 92.5, and 95%RH) in the SPSx-1µ Dynamic Vapor Sorption Analyzer.
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2.4.2 Effects of Controlled %RH Storage on the Moisture Sorption and Desorption of Starch
Lyophiles
The effects of controlled %RH storage (90, 92.5, and 95%RH) on the moisture sorption
and desorption of starch controls and lyophiles are shown in Figure 2.4. Various moisture sorption
and desorption values (maximum water sorbed (%), maximum water sorbed time (h), water
expelled at 120h (%), and total water expelled (%)) collected from these profiles are reported in
Table 2.2. As the %RH increased, the maximum amount of water sorbed for both the starch
controls and lyophiles increased and the moisture sorption and desorption kinetics increased
(Figure 2.4). In this work, the term ‘kinetics’ refers to how long it took for samples to sorb and
desorb moisture under controlled relative humidities, and therefore how long it took for
retrogradation to occur.
At 90%RH, the starch controls and lyophiles showed an initial moisture sorption reaching
a plateau after 20 hours followed by no desorption over time. The lack of desorption (Figure 2.4),
and therefore retrogradation at 90%RH is most likely related to the critical relative humidity and
critical water content needed to enable molecular rearrangement leading to crystallization. At
90%RH, the amylopectin lyophile sorbed a maximum of 15.5±0.2% water and the corn lyophile
sorbed a maximum of 13.1±0.1% water (Table 2.2). These values are much lower than the critical
water content needed to initiate crystallization for amorphous amylopectin (corn) and corn starch
that were previously reported in the literature, 25.2 and 24.3%, respectively (Kirsi Jouppila et al.,
1995; K. Jouppila & Roos, 1997). Due to the lack of available water and mobility of the matrix at
90%RH, amylopectin crystallization could not be initiated.
At 92.5%RH, the starch lyophiles again initially sorbed water reaching a maximum after
23 hours, and then lost water slowly over time, while the controls showed no desorption. K.
Jouppila and Roos (1997) found similar results for amorphous corn starch and determined the
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leveling-off of moisture desorption and crystallization over time was dependent on water content
and storage temperature. At 92.5%RH, the maximum water sorbed for both amylopectin (corn)
and corn starch lyophiles (28.6±0.4% and 25.5±0.8, respectively (Table 2.2)) were higher than the
reported literature critical water content needed for recrystallization. Thus, the starch lyophiles at
92.5%RH had enough available water to start the recrystallization process. Of the starch lyophiles,
amylopectin (corn) sorbed the most water and 70% amylose corn starch sorbed the least water
(28.6±0.4% and 22.5±0.3%, respectively), likely due to the lack of complete gelatinization of this
sample type. At 120h, wheat starch expelled the most water while amylopectin (corn) expelled
the least (1.46±0.03% and 0.30±0.05%, respectively). Wheat starch also had the largest total water
expelled, followed by amylopectin (corn) (3.60±0.03% and 3.3±0.02%, respectively) (Table 2.2).
Thus, even though amylopectin (corn) sorbed the most water, it had much slower desorption and
retrogradation kinetics than the other starches at 92.5%RH.
The most drastic changes in moisture sorption and desorption were seen in the lyophiles at
95%RH, where the retrogradation kinetics were much faster than those at 90 and 92.5%RH (Figure
2.4). At 95%RH, amylopectin (corn), wheat, corn, potato, and 70% amylose corn starch lyophiles
again reached a maximum water sorption by 27 hours (Table 2.2), but then the lyophiles begin to
desorb water quickly. Over time, the water loss slowed and the moisture content plateaued. For
the starch lyophiles, potato starch sorbed the most water (33.55±0.10%) and sorbed water the
fastest (15.1±0.6 h) (Table 2.2), signifying that the potato starch lyophile was the most hygroscopic
at 95%RH. Amylopectin (corn), followed by potato starch, expelled the most water at 120h
(7.5±0.2% and 5.3±0.1%, respectfully) and had the largest total water expelled (8.0±0.2% and
5.8±0.1%, respectfully) (Table 2.2). This implies more retrogradation occurred in these lyophiles
and that they had faster retrogradation kinetics than the other lyophiles. On the other hand, at
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95%RH, the controls exhibited no desorption over time (Figure 2.4). At 90%RH, the controls
sorbed more water than the lyophiles with moisture sorption leveling off around 20 hours (Figure
2.4). At 92.5 and 95%RH, the A-type (amylopectin (corn), wheat, and corn) starch controls had
maximum water sorbed values less than the lyophiles, while the B-type (potato and 70% amylose
corn) starch controls had maximum water sorbed values more than the lyophiles. At 92.5 and
95%RH, the moisture sorption for the controls leveled off around 25 hours.
Starch type, %RH, and the interaction between starch type and %RH had a significant
effect on the maximum water sorbed, maximum water sorbed time, water expelled at 120h, and
total water expelled, (p<0.05) (Table 2.2). Therefore, starch type and %RH play important roles
in the moisture sorption and desorption and the retrogradation of starch lyophiles. Additionally,
increasing %RH had different effects on the moisture sorption and desorption profiles and
retrogradation for each starch, consistent with earlier observations reported by K. Jouppila and
Roos (1997).
2.4.3 Effects of Controlled %RH Storage on PXRD Diffraction Patterns
Recrystallization in the starch lyophiles after controlled %RH storage was further
confirmed using PXRD. Additionally, PXRD was used to determine the starch crystal polymorph
type formed upon retrogradation. The diffraction patterns for the starch controls and lyophiles
after controlled %RH storage are shown in Figure 2.5, and these results are summarized in Table
2.3. As %RH increased, the crystallinity of the starch lyophiles increased over time. As the %RH
increased, the starch lyophiles sorbed more water, and when a critical water content was reached
there was enough mobility for the amylopectin to recrystallize. Further, as %RH increased and
more water was present, the amount of retrogradation in the starch lyophiles increased. In this
study, all the starches reached the critical water content needed for recrystallization during storage
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at 92.5%RH. At this %RH, the critical water contents for the starch lyophiles were 28.6±0.4%,
26.8±0.3%, 25.5±0.8%, 27.0±0.3%, and 22.5±0.3% for amylopectin (corn), wheat, corn, potato,
and 70% amylose corn starch, respectively (Table 2.2). Again, comparing back to K. Jouppila and
Roos (1997) and Kirsi Jouppila et al. (1995) who studied freeze dried, powdered, and amorphous
corn starch and amylopectin from corn, respectively, and found the critical relative humidities and
the critical water contents at 25°C for amorphous corn starch and amylopectin from corn were
86%RH and 24.3% and 90%RH and 25.2%, respectively. At 95%RH, the starch lyophiles were
exposed to more water and were therefore able to sorb more water before recrystallization was
initiated. At 95%RH, the critical water contents for the starch lyophiles were 32.0±0.1%,
31.9±0.1%, 30.8±0.1%, 33.55±0.10%, and 29.2±0.1% for amylopectin (corn), wheat, corn, potato,
and 70% amylose corn starch, respectively (Table 2.2).
Starch crystal polymorph types were identified based on PXRD peak positions, while
amorphous samples exhibited only halos with no discernible peaks (Figure 2.5). After storage at
90%RH, all the starch lyophiles, except 70% amylose corn starch, remained amorphous. The 70%
amylose corn starch lyophile was partially crystalline after lyophilization, thus it was partially
crystalline at 90%RH and it remained a B-type polymorph. All the starch lyophiles held at
92.5%RH had weak PXRD peak intensities and were therefore partially crystalline after storage.
After 92.5%RH storage, the A-type starch lyophiles (amylopectin (corn), wheat, and corn), which
showed the A-type diffraction pattern before gelatinization, recrystallized into the A-type
polymorph (Table 2.3). It was unclear from the diffraction pattern if the potato starch lyophile,
which originally showed the B-type diffraction pattern, recrystallized into the B-type polymorph
or the C-type polymorph. Again, the 70% amylose corn starch lyophile remained in the B-type
polymorph. All the starch lyophiles held at 95%RH had clear peaks in their PXRD patterns and

31
were therefore crystalline after storage. The A-type starch lyophiles (amylopectin (corn), wheat,
and corn) recrystallized into the A-type polymorph, and the B-type starch lyophiles (potato and
70% amylose corn) recrystallized into the B-type polymorph at 95%RH (Table 2.3).
The degree of crystallinity and the type of polymorph formed during retrogradation are
dependent on factors such as amylopectin chain length, extent of gelatinization, storage
temperature, and water content (Wang, Li, Copeland, Niu, & Wang, 2015). A-type starches
(amylopectin (corn), wheat, and corn), on average, have shorter chain lengths than B-type starches
(potato and 70% amylose corn) (Tester, Karkalas, & Qi, 2004). In this study, all starches were
fully gelatinized before lyophilization, except 70% amylose corn starch, and all experiments were
conducted at 25°C. The extent of crystallization and the type of polymorph formed were
influenced by the type of starch (amylopectin chain length) and %RH (water content) within the
experimental conditions. The A-type starches tended to sorb less water and crystallize slower than
the B-type starches in these experiments.
In regards to water content, it has been found that upon retrogradation, cereal starch gels
containing less than 29% water before gelatinization form the A-type polymorph, gels containing
more than 43% water form the B-type polymorph, and gels containing between 29% and 43%
water form the C-type polymorph (Osella et al., 2005). The literature is vague as to the origin of
the experiments in which these values are based, and thus the conditions in which these starch gels
were stored remain unknown. Alternatively, other studies have found that A-type starches
containing more than 29% water at 25°C formed the A-type polymorph after retrogradation
(Lionetto et al., 2005; Perdomo et al., 2009). Lionetto et al. (2005) examined retrogradation in
wheat starch extrudates containing 37% and 51% water and aged at 25°C, while Perdomo et al.
(2009) investigated retrogradation of dried amorphous cassava starch films at 25°C and 80°C
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stored in 97.3%RH desiccators. In all of their studies, the starches retrograded into the A-type
polymorph. In this study at 95%RH, all starch lyophiles contained between 29-43% water before
retrogradation occurred (Table 2.2), however, upon retrogradation, these starches formed either
the A-type polymorph or B-type polymorph, not the C-type polymorph that would have been
predicted to form at these moisture contents, based on the Osella et al. (2005) report. Perhaps there
are more factors than just moisture content affecting polymorph formation during retrogradation.
The moisture desorption event seen in the starch lyophiles stored at 92.5 and 95%RH
(Figure 2.4) revealed that as amylopectin recrystallizes, water is expelled from the starch crystal
structure, regardless of the crystal polymorph type formed. This challenges the current bread
staling hypothesis that as starch in bread recrystallizes into the B-type polymorph, water
redistributes from gluten to the starch as it is incorporated into the starch crystal structure and thus,
due to the loss in moisture, the gluten then hardens and leads to staling (Bosmans, Lagrain, Ooms,
Fierens, & Delcour, 2013; Gray & BeMiller, 2003). Results from this study indicate that once
there is enough mobility in the amorphous starch matrix from the water present, reorganization of
the amylopectin can occur. During this reorganization, either 4 water molecules per unit cell are
incorporated into the A-type polymorph, or 36 water molecules per unit cell are incorporated into
the B-type polymorph (A. Imberty & Pérez, 1988). Once the crystal hydrate structure has been
formed during recrystallization, the excess water is expelled from the starch. One could then
assume that this expelled water would be available to plasticize the gluten and prevent hardening
and staling. Water expulsion during crystallization is also observed in lactose crystallization,
regardless of the crystal polymorph formed. Amorphous lactose can crystallize into different
polymorphs depending on %RH and temperature during storage.

For example, at 24°C,

amorphous lactose in milk powders crystallized into an anhydrous mixture of α- and β-lactose
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when stored at 55% and 76.4%, and it crystallized into α-lactose monohydrate at 85.8%RH. All
samples, regardless of the crystal polymorph formed, showed the loss of sorbed water as a function
of time (K. Jouppila et al., 1997). Therefore, to better investigate the relationship between starch,
gluten, and water during retrogradation, further experiments using starch:gluten and flour models
were conducted, and these results are discussed in the next chapter.
2.4.4 Effects of 97%RH Desiccator Storage on the Moisture Sorption and Desorption and
Diffraction Patterns of Starch Controls and Lyophiles
The moisture sorption and desorption profiles and PXRD patterns for starch controls and
lyophiles stored in 97%RH desiccators are shown in Figure 2.6. The starch controls and lyophiles
stored in 97%RH desiccators sorbed less water than starch controls and lyophiles stored at 95%RH
in the SPSx-1µ Dynamic Vapor Sorption Analyzer (Table 2.2). The desiccators were opened every
24 hours and samples were removed to measure mass change, therefore, the %RH in the
desiccators may never have equilibrated to 97%, thus, exposing the samples to lower %RH or
fluctuating conditions. Additionally, the headspace in a desiccator is more static than that in the
SPSx-1µ Dynamic Vapor Sorption Analyzer, which could alter diffusion and equilibrium kinetics.
Retrogradation occurred rapidly at 95%RH in the SPSx-1µ Dynamic Vapor Sorption Analyzer
with starch lyophiles sorbing a maximum amount of water between 15 and 27 hours and then
expelling a majority of the water by 50 hours (Figure 2.4 and Table 2.2). Any moisture sorption
changes that may have occurred before 24 hours or between 24 and 48 hours were not documented
using the 97%RH desiccators and intervals of mass measurements. The inherent difference in data
collection and error between the SPSx-1µ Dynamic Vapor Sorption Analyzer and desiccator study
would account for the differences in the moisture sorption and desorption profiles and possibly the
resulting retrogradation.
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At 97%RH, all the starch lyophiles recrystallized into the A-type polymorph, except for
70% amylose corn starch that recrystallized into the B-type (Table 2.3). This differs from storage
at 95%RH where potato starch recrystallized into the B-type polymorph. At 97%RH, the potato
starch lyophile sorbed significantly less water than at 95%RH (Table 2.2). With less water
available, this would have forced the potato starch to recrystallize into the A-type polymorph that
only needs 4 molecules of water per unit cell. At 92.5%RH, the potato starch lyophile sorbed
significantly less water than at 97%RH, so based on the results seen at 97%RH, one would expect
the starch to have formed the A-type polymorph. However, while the lyophile was only partially
crystalline, PXRD results indicated it recrystallized into either the B- or C-type polymorph. The
starch lyophiles were stored at 92.5%RH for 350 hours whereas at 97%RH, the lyophiles were
stored for 168 hours. The potato lyophile was therefore exposed to water for a much longer time
at 92.5%RH than at 97%RH. Thus, in the potato lyophile stored at 92.5%RH, there could have
been changes to the starch crystal structure over time as it was exposed to water, creating the Bor C-type polymorph, instead of the A-type polymorph.
2.4.5 Effects of Controlled %RH Storage on the Appearance and Polarized Light Microscope
Images of Starch Lyophiles
Photographs and PLM images were taken of the starch lyophiles before and after storage
at controlled %RHs (Figure 2.7). After exposure to controlled %RH storage, the starch lyophiles
shriveled into hard cakes that had a glassy appearance. As %RH increased, the starch lyophiles
appeared more shriveled and harder as more retrogradation occurred. In the PLM images, the
control starches showed typical Maltese crosses, indicating crystalline and birefringent starch. All
starch lyophiles, except 70% amylose corn starch, before storage showed no Maltese crosses or
birefringence, therefore the starch was amorphous. The 70% amylose corn starch lyophile, which
was only partially gelatinized, showed some birefringence, indicating it remained partially
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crystalline after lyophilization. This partial crystallinity was also confirmed with PXRD (Figure
2.5). Additionally, the 70% amylose corn starch lyophile did not shrivel up or appear as hard and
glassy as the other starch lyophiles did. Since the 70% amylose corn starch lyophile was still
partially crystalline upon exposure to %RH storage, this could account for the lack of a change in
appearance as %RH increased and retrogradation increased.
The interpretation of amorphous and crystalline solid state based on PLM images
corresponded well with the PXRD diffraction patterns. The lack of birefringence seen at 90%RH,
except for 70% amylose corn starch, was consistent with the amorphous halo seen in the PXRD
patterns. According to the PXRD patterns, the starch lyophiles were partially crystalline at
92.5%RH. This is confirmed with the reemergence of some birefringence, best seen in the
amylopectin (corn) lyophile where Maltese cross formation was restored. Starch lyophiles stored
at 95 and 97%RH were found to be crystalline, and this is supported with the increase in
birefringence seen in the PLM images. At 95 and 97%RH, recrystallized amylose can be seen in
the center of some of the starch granules and the birefringence seen on the edges of the granules
is recrystallized amylopectin. Hug-Iten, Handschin, Conde-Petit, and Escher (1999) found similar
amylopectin and amylose distributions within retrograded starch granules using light and polarized
light microscopy and different staining compounds to investigate the microstructure of fresh and
aged (7 days at 20°C) bread crumb. The appearance of crystalline amylose in the PLM images at
95 and 97%RH is confirmed with the reemergence of the V-type polymorph peak around 20 2θ,
which is characteristic of the amylose-lipid complex, in the PXRD patterns (Figure 2.5) (Zobel,
1988).
After gelatinization, most of the amylose has leached out of the granule and the melted
amylopectin fraction remains in the granule. Amylose recrystallizes quickly after gelatinization
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and creates an ordered network outside the granule (Goesaert, Slade, Levine, & Delcour, 2009).
During storage, amylopectin reorganizes, forms double helices on the outer branches that are then
packed into crystallites. Recrystallization of amylopectin thus influences the rigidity of the starch
granules and the overall continuous starch network. In the granules, the appearance of birefringent
amylose centers indicates that amylose reorganization is also important in starch firmness and
rigidity. Additionally, possible hydrogen bond cross-links between amylose and amylopectin may
influence the mechanical properties (i.e. firmness) of the starch matrix (Hug-Iten, Escher, &
Conde-Petit, 2003). This increase in rigidity of the starch matrix upon retrogradation can be seen
in the appearance of the starch lyophiles after storage at high %RHs where the starch lyophiles
shriveled into hard cakes that had a hard, glassy appearance. During bread staling, perhaps the
increase in firmness of the starch matrix upon retrogradation plays a more significant role than the
water involved in retrogradation.
2.4.6 Effects of Controlled %RH Storage on Amylopectin Melting
An example of a DSC curve collected for amylopectin (corn) control stored at 95%RH is
shown in Figure 2.8. The first peak was considered to be amylopectin rearrangement associated
with crystal perfecting, and the second peak was determined to be amylopectin melting (Shogren,
1992); therefore, only the second peak was further analyzed. The effects of controlled %RH
storage on the onset and peak temperature and the enthalpy change (ΔH) of retrograded
amylopectin crystal melting are shown in Table 2.4. The DSC curves from this study are similar
to those in studies that have evaluated amylopectin melting in limited water systems (Donovan,
1979; Jang & Pyun, 1996; Shogren, 1992). In limited water systems, amylopectin melts at much
higher temperatures than in more dilute systems, and as the water content increases, amylopectin
melting onset and peak temperatures decrease. Therefore, it was expected that as %RH increased
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and the % water increased, there would be a relationship between water content and onset and peak
temperatures. The type of polymorph formed during retrogradation will also influence the DSC
curves with the A-type polymorph melting at a higher temperature and having a smaller ΔH than
the B-type polymorph (Biliaderis, 1991; Stevens & Elton, 1971; Vamadevan & Bertoft, 2015).
It was previously stated that at 92.5%RH, it could not be determined if potato starch formed
B- or C-type starch from the PXRD patterns. The DSC results indicate that the potato starch
lyophile did form C-type starch (Table 2.4). For onset and peak temperatures and ΔH, the potato
starch control (174±2°C, 177±2°C, and 460±20J/g, respectively) and lyophile (182±1°C, 186±2°C,
and 200±60J/g, respectively) were significantly different at 92.5%RH. This shows that the potato
lyophile at 92.5%RH may have formed a different crystal polymorph than the control. Further
evidence of this is seen when comparing the potato starch lyophile to amylopectin (corn) (A-type)
and 70% amylose corn starch (B-type) lyophiles. At 92.5%RH, the onset and peak temperatures
and ΔH were significantly different between the potato starch lyophile (182±1°C, 186±2°C, and
200±60J/g, respectively) and both amylopectin (corn) (176±1°C, 178.4±0.7°C, and 330±20J/g,
respectively) and 70% amylose corn starch (175±2°C, 179±2°C, and 243±10J/g, respectively)
lyophiles. Since the potato starch lyophile amylopectin melting deviates from both the A- and Btype starches at 92.5%RH, this indicates that it formed C-type starch.
The DSC results also confirm that the potato starch lyophile formed A-type starch at
97%RH (Table 2.4). For the potato starch lyophile, the onset and peak temperatures at 97%RH
(169.9±0.6°C and 174±1°C, respectively) were significantly different than those at 92.5%RH
(182±1°C and 186±2°C, respectively). Additionally, the ΔHs at 92.5, 95, and 97%RH (200±60J/g,
360±20J/g, and 510±20J/g, respectively) were significantly different from each other. These
results are consistent with the PXRD patterns where the potato starch lyophile formed C-type
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starch at 92.5%RH, B-type starch at 95%RH, and A-type starch at 97%RH (Figure 2.5 and Table
2.3). Further, the ΔH between amylopectin (corn) and potato controls (380±20J/g and 513±8J/g,
respectively) were significantly different from each other at 97%RH, which is logical since the
controls retained their polymorph form, A- and B-type respectively. However, the ΔH between
amylopectin (corn) and potato lyophiles (450±20J/g and 510±20J/g, respectively) were not
significantly different from each other at 97%RH, indicating that at 97%RH the potato starch
lyophile formed the A-type polymorph.
Starch type and %RH had a significant effect on both onset and peak temperatures (p<0.05).
Additionally, starch type, %RH, and the interaction between starch type and %RH had a significant
effect on the ΔH and water content (p<0.05). In this study, as %RH increased and water content
increased, the onset and peak temperatures generally decreased (Table 2.4). Furthermore, as %RH
increased and amylopectin retrogradation increased, ΔH increased. This is consistent with others
who found that as water content increased, onset and peak temperatures for amylopectin melting
decreased (Donovan, 1979; Jang & Pyun, 1996; Shogren, 1992). Results from this study are also
in line with others who found that as the amount of retrogradation increased, ΔH increased (Roulet,
MacInnes, Würsch, Sanchez, & Raemy, 1988; Russell, 1987). These results therefore indicate that
starch type and %RH play important roles in amylopectin retrogradation and amylopectin melting
thermal properties. Additionally, increasing %RH had different effects on amylopectin melting
for each starch.
2.4.7 Water Activity After Controlled %RH Storage
At 90%RH, the controls sorbed more water than the lyophiles (Figure 2.4). However, at
92.5 and 95%RH, the A-type (amylopectin (corn), wheat, and corn) starch lyophiles had maximum
water sorbed values greater than their controls. At the same %RHs, the B-type (potato and 70%
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amylose corn) starch lyophiles had maximum water sorbed values less than their controls. Water
activities (aws) that were collected after controlled %RH storage (Table 2.5) shed a little light on
this phenomenon.
It was expected that after being stored for an extended time at controlled %RHs, the starch
controls and lyophiles would equilibrate to that %RH and, therefore, have a similar %RH, or aw
value. However, at every %RH, except 97%RH, the starch controls had a larger aw than the
corresponding starch lyophiles, indicating the lyophiles never fully equilibrated at that %RH. It
was hypothesized that as the starch lyophiles began to sorb water under controlled %RH conditions,
the starch granules at the starch-air interface retrograded first. Once the top layer of starch granules
retrograded, a crystalline crust formed and thus, it became difficult for water to diffuse into the
interior of the sample to cause further equilibration and retrogradation. Several of the starch
lyophiles held at 97%RH deviated from this trend and had aws higher than the starch controls. The
samples held at 97%RH were stored in desiccators and were placed into sample cups that were
slightly larger than those used in the SPSx-1µ Dynamic Vapor Sorption Analyzer. In the larger
cups, the starch had a larger surface area, allowing the starch to better equilibrate with the
environment and preventing crust formation. If a crystalline crust did indeed form at %RHs lower
than 97%RH, this could have affected the results from this study. Samples were mixed prior to aw
measurement, which appeared to result in a redistribution of the surface moisture and lower a w
readings less than the equilibration environment.

A crystalline crust could have slowed

retrogradation kinetics, thus altering the moisture sorption and desorption curves and resulting
PXRD patterns. Perhaps retrogradation would have occurred faster and more starch would have
recrystallized, creating stronger peak intensities in the PXRD patterns.
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2.5

Conclusions
The lack of desorption seen at 90%RH indicated the critical relative humidity and critical

water content needed to initiate crystallization was not reached at this %RH. The starch lyophiles
at 92.5%RH first sorbed then desorbed water slowly over time, thus, the lyophiles had reached the
critical water content (22.5-28.6% water) needed recrystallize. The most drastic changes in
moisture sorption and desorption were seen in the lyophiles at 95%RH, where the retrogradation
kinetics were much faster than those at 90 and 92.5%RH and the critical water contents were higher
and initial sorption onset times were faster than at 92.5%RH. Starch type and %RH had a
significant effect on the moisture sorption and desorption and the retrogradation of the starch
lyophiles (p<0.05). Additionally, as %RH increased, the crystallinity of the starch lyophiles
increased, indicating increasing retrogradation kinetics. At 95%RH, the A-type starch lyophiles
(amylopectin (corn), wheat, and corn) recrystallized into the A-type polymorph, and the B-type
starch lyophiles (potato and 70% amylose corn) recrystallized into the B-type polymorph. Further,
DSC confirmed potato starch formed C-type starch at 92.5%RH (with 27.0±0.3% water sorbed)
and formed A-type starch at 97%RH (with 30±2% water sorbed), indicating amylopectin
polymorph type formed during recrystallization in potato starch is highly dependent on available
water.
The moisture desorption event seen in all starch lyophiles stored at 92.5 and 95%RH
revealed that as amylopectin recrystallizes, water is expelled from the starch crystal structure,
regardless of starch type or the crystal polymorph type formed. Once there is enough mobility in
the amorphous starch matrix from the water present, reorganization of the amylopectin can occur.
During this reorganization, either 4 water molecules per unit cell are incorporated into the A-type
polymorph, or 36 water molecules per unit cell are incorporated into the B-type polymorph. Once
the crystal hydrate structure has been formed during recrystallization, the excess water is expelled
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from the starch. If this occurs in bread, this expelled water would be available to plasticize the
gluten and prevent gluten hardening. These results contradict the current bread staling theory. The
appearance of the starch lyophiles showed that starch became more hard and glassy after
retrogradation; perhaps this increase in rigidity of the starch matrix upon retrogradation plays a
more significant role in bread staling than the water involved in retrogradation.

Figure 2.1. Moisture sorption profiles from 5-95 %RH at 25°C for control starches with 4 hours of equilibration per RH step (A) and
starch lyophiles with 12 hours of equilibration per RH step (B).
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Figure 2.2. PXRD diffraction patterns of control starches before and after moisture sorption
profiles were collected from 5-95 %RH at 25°C for amylopectin fraction (corn) (A), wheat starch
(B), corn starch (C), potato starch (D), and 70% amylose (corn) starch (E). Top (black) pattern is
control starch before and bottom (gray) pattern is control starch after moisture sorption
experiment.
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Figure 2.3. PXRD diffraction patterns of starch lyophiles before and after moisture sorption
profiles were collected from 5-95 %RH at 25°C for amylopectin fraction (corn) (A), wheat starch
(B), corn starch (C), potato starch (D), and 70% amylose (corn) starch (E). Top (black) pattern is
starch lyophile before and bottom (gray) pattern is starch lyophile after moisture sorption
experiment.

Figure 2.4. Effects of controlled %RH storage (90, 92.5, and 95) at 25°C on the moisture sorption and desorption of starch lyophiles
(amylopectin fraction (corn), wheat starch, corn starch, potato starch, and 70% amylose (corn) starch).

45

45

Figure 2.5. Effects of controlled %RH storage (90, 92.5, and 95) at 25°C on the PXRD diffraction patterns of starch lyophiles
(amylopectin fraction (corn), wheat starch, corn starch, potato starch, and 70% amylose (corn) starch).
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Figure 2.6. Effects of 97% RH storage at 25°C on the moisture sorption and PXRD diffraction patterns of starch lyophiles
(amylopectin fraction (corn), wheat starch, corn starch, potato starch, and 70% amylose (corn) starch).
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Figure 2.7. Effects of controlled %RH storage (90, 92.5, and 95) at 25°C on the appearance and PLM images of starch lyophiles
(amylopectin fraction (corn), wheat starch, corn starch, potato starch, and 70% amylose (corn) starch).
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Table 2.1. Control Starch Starting Moisture Content
Wet Basis % Moisture
Control StarchA

Content

Amylopectin (corn)

8.83±0.05e

Wheat

10.29±0.06d

Corn

10.84±0.01c

Potato

13.58±0.03a

70% Amylose Corn

12.02±0.03b

A

a-e

Starch lyophiles had negligible moisture contents (<2%)
Represents significant differences (p<0.05) between starch type

21.14±
0.01dC

13.1±
0.1gD

26.961
±
0.002aC

Corn
Control

Corn
Lyophile

Potato
Control

12.3±
0.5hD

29.70±
0.04aB

13.84±
0.08fC

Wheat
Lyophile

Potato
Lyophile

25.5±
0.8deC

21.4±
0.02cdC

Wheat
Control

27.0±
0.3cC

23.22±
0.01ghB

26.8±
0.3cB

23.95±
0.02fgB

28.6±
0.4bB

15.5±
0.2eC

Amylopec
tin (Corn)
Lyophile

24.73±
0.04efB

92.5

21.84±
0.04Cc

90

Amylopec
tin (Corn)
Control

Starch
Type

bA

33.5
5±
0.10

34.04
± 0.01aA

30.8
± 0.1dA

26.50
± 0.06iA

31.9
± 0.1cA

28.10
± 0.04hA

32.0
± 0.1cA

29.61 ±
0.05fA

95

Max Water Sorbed (%)

30±
2aB

D

25.4±
0.5bcde

B

27.9±
0.4abcd

20.2±
0.3fD

29±
3abcAB

20.9±
1.0fC

29±
2abAB

22.1±
0.8efC

97

B

26.568±
0.004cde

70.062
±
0.005aB

26.1±
0.9cdeB

38±
1bcB

22±
4cdeB

22±
1bcB

50±
20aB

cB

22.6
±
0.4b

15.1
±
0.6dB

60.570
±
0.006aB

16.4±
0.5dB

23±
7bcdC

28.8
±
0.4b
C

17±
1cdB

B

B

21±
2bcB

30.037
±
0.007bc

22±
1bcdC

34±
6bBC

95

28.5
±
0.4b

cC

B

18±
10deB

22.9
±
0.5b

C

92.5
28.5
±
0.4b

56.521
±
0.007ab

38±
3bcdB

90

110
±
50abA

96 ±
0abA

A

140
±
60ab

96 ±
0abA

A

140
±
60ab

96 ±
0abA

168
±
0aA

96 ±
0abA

97

Max Water Sorbed Time (h)

0.14±
0.01bcC

N/A

C

N/A

bB

1.22
±
0.01

N/A

aB

1.46
±
0.03

N/A

dC

0.30
±
0.05

N/A

92.5

BC

0.69
±
0.04c

0.126±
0.002c

N/A

C

0.161±
0.009b

N/A

0.11±
0.01cC

N/A

90

5.3
± 0.1bA

N/
A

A

4.3
±
0.1d

N/
A

A

4.7
±
0.1c

N/
A

A

7.5
±
0.2a

N/
A

95

B

0.9
±
0.4a

N/
A

C

0.6
±
0.4a

N/
A

B

1.5
±
0.8a

N/
A

B

1.3
±
0.3a

N/
A

97

Water Expelled at 120 h
(%)

0.163±
0.009cC

C

0.0041±
0.0009fB

0.168±
0.008cC

0.016±
0.003fC

0.199±
0.005bB

0.044±
0.003eC

0.13±
0.02dC

0.020±
0.003efB

90

2.65±
0.08cB

0.03±
0.02eB

3.11±
0.01bB

0.13±
0.01eB

3.60±
0.03aA

0.21±
0.01eB

3.3±
0.2bB

0.18±
0.02eA

92.5

bA

5.8
±
0.1

0.062±
0.004fA

4.9±
0.1dA

0.18±
0.03fA

5.3±
0.1cA

0.27±
0.01fA

8.0±
0.2aA

0.16 ±
0.03fA

95

0±
0aC

aC

0.1
±
0.1

0±
0aC

1±
1aB

0±
0aD

0±
0aC

0±
0aB

97

0.3±
0.3aC

Total Water Expelled (%)

Table 2.2. Moisture Sorption and Desorption Values for Control Starches and Starch Lyophiles Under Controlled %RH Storage at
25°C

51

51

24.01±
0.04bC

13.7±
0.3fgD

70% Amylose
(Corn) Control

70% Amylose
(Corn)
Lyophile

A-D

A

25
± 2cdeB

24.3±
0.6defC

11±
2eC

60±
20aB

11.9±
0.8cC

29.091±
0.006bC

27±
0bcdB

C

50±
10aB

72
±
0bA

96 ±
0abA

0.25±
0.02aB

N/A

0.68±
0.02cA

N/A

0.88±
0.03eA

N/A

0.9±
0.2aA

N/A

0.28±
0.02aB

0.007±
0.001fB

Represents significant differences (p<0.05) between starches at the same RH (down a column)
Represents significant differences (p<0.05) of the same starch exposed to different RHs (across a row)

a-i

22.5
± 0.3hC

26.37±
0.03cdB

30.
18
±
0.0
8eA
29.
2
±
0.1g

Table 2.2 continued

0.96±
0.03dA

0.08±
0.02eA

1.19±
0.02eA

0.08±
0.03fA

0.4±
0.3aB

0±
0aB

52

52

Crystallinity After Storageb
90
92.5
95
97
C
C
C
C
A
PC
C
C
C
C
C
C
A
PC
C
C
C
C
C
C
A
PC
C
C
C
C
C
C
A
PC
C
C
C
C
C
C
PC
PC
C
C

b

A-type starch is denoted by A, B-type starch is denoted by B, and C-type starch is denoted by C
Crystalline starch is denoted by C, partially crystalline starch is denoted by PC, and amorphous starch is denoted by A

a

Polymorph After Storagea
Starch Type
90
92.5 95 97
Amylopectin (Corn) Control
A
A
A
A
Amylopectin (Corn) Lyophile
N/A
A
A
A
Wheat Control
A
A
A
A
Wheat Lyophile
N/A
A
A
A
Corn Control
A
A
A
A
Corn Lyophile
N/A
A
A
A
Potato Control
B
B
B
B
Potato Lyophile
N/A
B/C
B
A
70% Amylose (Corn) Control
B
B
B
B
70% Amylose (Corn) Lyophile
B
B
B
B

Table 2.3. PXRD Results After Controlled %RH Storage at 25°C for Control Starches and Starch Lyophiles

53

53

B

176
±1abA
174
±2bA

177
±4aA

179
±0.9

aA

176
±3aA

177
±1aA

Wheat
Lyophile

Corn Control

Corn Lyophile

Potato Control

70% Amylose
(Corn) Control

173
±3aA

B

178
±6aA

177
±1abA

180
±2aA

Wheat Control

Potato
Lyophile

175
±2bA

178
±2aA

Amylopectin
(Corn)
Lyophile

AB

B

A

172.5
±0.4b

182
±1aA

174
±2ab

176
±5abA

AB

170.0
±0.9a

167.
0
±1.0
bB

B

169.9
±0.6a

169
±3aB

171
±1aA

172
±1aB

170
±2aA

170
±2aB

172
±1aB

172
±1aA

97

B

176
±1aA

AB

172
±1ab

A

172
±4ab

AB

173
±4ab

A

175
±1ab

AB

174
±3ab

A

95
173
±6ab

176
±1bAB

178
±1abA

177
±4aA

Amylopectin
(Corn) Control

92.5

90

Starch Type

Onset Temperature (°C)

175
±3aA

B

181
±6aA

179
±1aA

180
±3aA

182
±1aA

181
±4aA

182
±2aA

181
±2aA

180
±4aA

90

A

175.5
±0.7a

186
±2bA

177
±2aA

180
±1aA

AB

179.8
±1.0a

180
±2aA

179
±4aAB

AB

178.4
±0.7a

180
±1aA

92.5

170.8
±0.6bB

179
±2aAB

B

175.5
±0.7abA

178
±2abA

177
±4abAB

179.1
±0.7aA

177
±2abAB

177
±3abAB

176
±5abA

95

97

aAB

173.
7
±0.6

174
±1aB

172
±2aB

176
±2aA

175
±1aB

175
±4aA

173
±1aB

175
±2aB

176
±2aA

Peak Temperature (°C)

C

320
±20ab

240
±50aC

410
±30bC

260
±40aB

300
±10aC

270
±70aB

270
±20aB

270
±30aC

260
±20aB

90

B

380
±10ab

200
±60eC

C

460
±20aB

B

270
±30cde

B

340
±20bc

B

270
±20cde

AB

330
±30bc

BC

330
±20bc

B

92.5
310
±20bcd

B

410
±20bA

B

360
±20bcd

487
±9aAB

B

330
±30cd

C

325
±9cdB

B

340
±10bcd

320
±30dB

B

370
±40bcd

300
±30dB

95

Change H (J/g)

A

450
±20bc

A

510
±20ab

513
±8aA

A

490
±30ab

393
±4cdA

A

500
±20ab

A

410
±30cd

A

450
±20abc

380
±20dA

97

bC

24.00
±0.04

D

26.95
7
±0.00
3aC
12.1
±0.5h

gD

12.9
±0.12

dD

21.1
±0.01

D

13.6
±0.08f

cdC

21.3
±0.02

C

15.4
±0.2e

cC

90
21.82
±0.04

B

26.30
±0.03b

24.3
±0.3cdC

B

29.67
±0.03a

22.4
±0.8fgC

B

23.09
±0.02ef

23.2
±0.3efC

B

23.74
±0.03de

25.4
±0.6bcB

B

92.5
24.55
±0.06cd

A

30.10
±0.05b

27.7
±0.1dB

A

33.98
±0.01a

26.0
±0.2fB

A

26.33
±0.04e

26.6
±0.2eB

A

27.83
±0.03d

B

24.00
±0.04g

A

95
29.45
±0.06c

%Water

Table 2.4. DSC Results After Controlled %RH Storage at 25°C for Control Starches and Starch Lyophiles

fC

24.894
±0.007e

32.75
±0.01aA

eC

27.541
±0.006d

bcA

30.973
±0.004a

C

21.789
±0.002g

A

32.27
±0.01ab

gB

22.838
±0.009f

A

29.05
±0.01cd

gB

97
24.198
±0.008f

54

54

70% Amylose
(Corn)
Lyophile

176
±5aA

A-D

a-h

abA

172.
7
±0.2
170
±2aA

179
±5aA

179
±2aA

176.0
±0.2abA

173
±2aA

251
±8aC

390
±20bc
B

243
±10de
C

A

480
±20ab
C

13.4
±0.3fg
21.5
±0.3gB

Represents significant differences (p<0.05) between starches at the same RH (down a column)
Represents significant differences (p<0.05) of the same starch exposed to different RHs (across a row)

175
±2bA

Table 2.4 continued
28.0
±0.1dA

dA

29.56
±0.02bc

55

55

56

Table 2.5. Water Activity After Controlled %RH Storage at 25°C for Control Starches and
Starch Lyophiles
Starch Type
Amylopectin (Corn) Control
Amylopectin (Corn) Lyophile
Wheat Control
Wheat Lyophile
Corn Control
Corn Lyophile
Potato Control
Potato Lyophile
70% Amylose (Corn) Control
70% Amylose (Corn) Lyophile

90
0.8019
0.4828
0.7469
0.6223
0.7794
0.65
0.8128
0.449
0.7711
0.5502

92.5
0.8607
0.5941
0.882
0.7121
0.8672
0.6844
0.8877
0.467
0.8647
0.5007

95
0.9187
0.7326
0.9072
0.8449
0.8845
0.8115
0.9149
0.659
0.9112
0.8208

97
0.9327
0.9295
0.9362
0.9421
0.9259
0.941
0.9273
0.9436
0.9261
0.931

57
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INVESTIGATING THE EFFECTS OF CONTROLLED
RELATIVE HUMIDITY STORAGE AND GLUTEN, SUGARS, AND
SODIUM CHLORIDE ON AMYLOPECTIN RETROGRADATION IN
AMORPHOUS STARCH, STARCH:GLUTEN, AND WHEAT FLOUR
MODELS

3.1

Abstract
The development of crystallinity caused by amylopectin retrogradation has been correlated

to staling in baked goods. Different amylopectin crystal polymorphs have been found in starches
from different botanical sources and in amylopectin crystallized in different conditions. The
amount of water in each polymorph has been documented. However, the molecular mechanism
involved in bread staling and the role and distribution of water during starch retrogradation are
still debated. The objective of this study was to investigate the effects of gluten, sugars, and
sodium chloride on amylopectin retrogradation using moisture sorption techniques and
concentrated model starch, starch:gluten, and wheat flour systems. The types of starch used
included A-type amylopectin, wheat starch, and wheat flour and B-type 70% amylose corn starch.
Suspensions (5% w/w solids) of wheat starch, 7:1 starch:gluten, and wheat flour were heated to
fully gelatinize the starch (excluding 70% amylose corn which was only partially gelatinized),
frozen, and freeze-dried to make amorphous matrices. Samples were stored at 95%, 92.5%, and
90% RH at 25°C using a SPSx-1µ Dynamic Vapor Sorption Analyzer. To investigate the effect
of various sugars and sodium chloride on amylopectin retrogradation, crystalline sugars or sodium
chloride were blended with wheat starch lyophiles in a 9:1 wheat starch lyophile: sugar or sodium
chloride ratio immediately before samples were analyzed at 95% RH and 25°C. Powder X-Ray
diffraction (PXRD) was then used to determine the crystal type formed after retrogradation. It was
found that regardless of the presence of gluten and the starch crystal polymorph type formed, water
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was expelled during amylopectin retrogradation in the moisture sorption analyzer. Additionally,
the presence of gluten increased the amount of water present in the samples after retrogradation
compared to the starch only models. Further, the PXRD data indicated that A-type starch
retrograded into the A-type pattern and B-type starch retrograded into the B-type pattern. These
results offer further knowledge into the role of water in amylopectin retrogradation and the
relationship between starch type, the presence/absence of gluten, the presence of crystalline sugars
or sodium chloride, environmental RH (aw), moisture sorption prior to retrogradation, and water
redistribution during retrogradation.

3.2

Introduction
Native starches and modified starches play an integral role in altering the structure, texture,

and viscosity of many foods. Consequently, structural changes of starch during the processing and
aging of starch-based food products have been studied extensively (Biliaderis, 2009). A major
interest of the food industry is how structural changes to starch in starch-based foods caused by
starch retrogradation affect the quality and shelf-life of foods. During storage of baked goods,
increasing starch retrogradation has been correlated with staling. Many studies have investigated
starch retrogradation in dilute and semi-dilute starch models (i.e. gels). However, less research
has been conducted on concentrated starch models that are more analogous to the concentrated
starch environment in baked goods (Farhat, Blanshard, & Mitchell, 2000). Therefore, to better
evaluate starch retrogradation as it relates to baked goods, retrogradation in low-moisture starch
models should be investigated.
During storage of gels or starch-based food products, melted, gelatinized amylopectin
reorganizes and double helices form on the short, outer amylopectin chains that are then packed
into crystallites. This process is known as amylopectin retrogradation, and it is a slow process,

63
taking several days or weeks to complete (Biliaderis, 2009). The amylopectin double helices can
have different crystal packing, creating different crystal polymorph types.

The A-type

amylopectin polymorph contains 4 water molecules per unit cell (12 glucose residues), or 4%
hydration, while the B-type amylopectin polymorph contains 36 water molecules per unit cell (12
glucose units), or 27% hydration (Anne Imberty, Buléon, Tran, & Pérez, 1991; A. Imberty & Pérez,
1988).
Bosmans, Lagrain, Ooms, Fierens, and Delcour (2013) used 1H NMR, separate starch and
gluten models that were both heated for 10 minutes at 110°C with 47% moisture (to represent
bread dough) and cooled, and bread stored with and without crust to determine the relationship
between water, amylopectin retrogradation, and bread crumb firming. All samples were stored at
25°C for up to 7 days. They concluded that during amylopectin retrogradation, water was
incorporated into the B-type amylopectin crystallites, pulling water out of the amorphous networks
of the bread crumb, and they theorized that due to the loss of water, gluten was no longer
plasticized, leading to increased crumb firmness.

However, others have found that starch

recrystallization and bread firming are not synonymous (Martin, Zeleznak, & Hoseney, 1991;
Rogers, Zeleznak, Lai, & Hoseney, 1988). Rogers et al. (1988) used DSC and breads with different
moisture contents and found the rate of recrystallization did not correlate with bread firming.
Additionally, others have found that the water activity (aw) of bread did not decrease as bread
staling increased, as would be expected if water was immobilized within the starch crystallites
during starch recrystallization (Baik & Chinachoti, 2000; Mihhalevski et al., 2012). Further, Curti,
Carini, and Vittadini (2017) found that high-gluten bread, which had comparable amylopectin
retrogradation to control bread, retained more moisture and had less firming (i.e. staling) after
storage for seven days.
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It is clear that the molecular mechanism involved in bread staling and the role and
distribution of water during starch retrogradation are still not fully understood. The objective of
this study was to investigate the effects of gluten, sugars, and sodium chloride on amylopectin
retrogradation using moisture sorption techniques and concentrated model starch, starch:gluten,
and wheat flour systems, which are more representative of those found in baked goods than gels.
The type of amylopectin crystal polymorph formed after retrogradation was also investigated.

3.3

Materials and Methods

3.3.1 Materials
The variety of starches used to study the effects of gluten, sugars, and sodium chloride on
starch retrogradation were: wheat starch from ADM (Decatur, IL) and 70% amylose corn starch
from Ingredion (Bridgewater, NJ). Additionally, the amylopectin fraction from corn starch from
MP Biomedicals, LLC (Solon, OH) was used. Unbleached white all-purpose wheat flour and vital
wheat gluten were obtained from Bob’s Red Mill Natural Foods, Inc (Milwaukie, OR). Sucrose
from Mallinckrodt Baker, Inc. (Phillipsburg, NJ); D-glucose anhydrous from Avantor
Performance Materials, Inc. (Center Valley, PA); isomalt from BENEO-Palatinit GmbH
(Mannheim, Germany); maltitol from Alfa Aesar (Ward Hill, MA); D-(+)-maltose monohydrate
from Fisher Scientific (Fair Lawn, NJ); D-sorbitol from Ameresco (Solon, OH); D(-)-fructose,
isomaltulose hydrate, D(+)-trehalose dihydrate, and D(+)-mannose from Acros Organics (New
Jersey); and sodium chloride from Sigma-Aldrich, Co (St. Louis, MO) were used to investigate
their effect on starch retrogradation. Saturated solutions of potassium sulfate (K2SO4) from
Mallinckrodt Baker, Inc. (Phillipsburg, NJ) were used to control RH (97% RH) in desiccators.
Drie-RiteTM from W.A. Hammond Drierite Co. (Xenia, OH) was used to create dry (<3% RH)
conditions in desiccators. Liquid nitrogen was used rapidly freeze amorphous, gelatinized wheat
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starch, wheat flour, or starch:gluten slurries and to cryomill the lyophiles. All water used in
experiments was deionized and filtered by a Barnstead E-Pure Lab Water System (Dubuque, IA)
to >17.4 milliohm-cm.
3.3.2 Sample Preparation
Control starch samples were used as supplied. Lyophilized starch or starch:gluten samples
were prepared as described here. Prior to lyophilization, amorphous wheat starch or wheat flour
lyophiles were prepared by boiling 100 g of a 5% w/w starch or wheat flour slurry for at least five
minutes to gelatinize the starch. Each amorphous starch:gluten lyophile was prepared by boiling
100 g of a 5% w/w 7:1 starch:gluten mixture for at least five minutes to gelatinize the starch. A
7:1 starch:gluten ratio was used to replicate the ratio found in wheat flour, which is approximately
70% starch and 10% gluten (Goesaert et al., 2005). Starch:gluten slurries included amylopectin
(corn):gluten, wheat starch:gluten, and 70% amylose corn starch:gluten. The gelatinized slurries
were poured into 350 mL Lock & Lock airtight rectangular food storage containers (Lock & Lock
USA Distributor, Inc, Anaheim, CA). Liquid nitrogen was then used to freeze the slurries to
prevent recrystallization. The frozen samples were stored overnight at -20°C then transferred onto
trays of a Harvest Right Scientific Freeze Dryer (Harvest Right, North Salt Lake, UT).
Lyophilization took 72 hours to complete. The pressure in the freeze dryer was reduced to 300
mTorr and to dry the samples, they were held for 12 hours at each of the following temperatures:
-35°C, -25°C, -15°C, -5°C, 5°C, 15°C. After lyophilization was completed, the samples were
removed from the freeze dryer, cryomilled with liquid nitrogen, and stored in Drie-RiteTM
desiccators (<3% RH) at room temperature to prevent moisture sorption before experiments began.
Due to the high gelatinization temperature, the 70% amylose corn starch:gluten slurries were never
fully gelatinized, and thus they were partially crystalline after lyophilization.
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To investigate the effect of various sugars and sodium chloride on amylopectin
retrogradation, crystalline sugars or sodium chloride were blended with wheat starch lyophiles in
a 9:1 wheat starch lyophile:sugar or sodium chloride ratio immediately before samples were
analyzed with a SPSx-1µ Dynamic Vapor Sorption Analyzer (Project Messtechnik, Ulm,
Germany). The sugars investigated included monosaccharides (glucose, mannose, and fructose),
disaccharides (sucrose, isomaltulose, maltose, and trehalose), and sugar alcohols (sorbitol, maltitol,
and isomalt).
3.3.3 Moisture Content Determination
The starting moisture contents of the control and lyophilized starches were measured using
a vacuum oven (Precision Scientific, Chicago IL). Samples (~0.8g) were weighed into aluminum
sample cups, then placed into the vacuum oven. After drying for 3-4 days at 100-110°C and 15–
25 mm Hg of vacuum, the samples were again weighed, and the wet basis moisture content was
determined based on the mass lost. Samples were analyzed in triplicate.
3.3.4 Dynamic Vapor Sorption
To determine the effect of gluten on amylopectin retrogradation, experiments were
conducted that investigated the moisture sorption and desorption of wheat flour and starch:gluten
lyophiles over time as the samples were held at constant high RHs (90, 92.5, and 95% RH) at 25°C
in the SPSx-1µ Dynamic Vapor Sorption Analyzer. Approximately 150-200 mg of each lyophile
and control were added to 30 mm aluminum pans that were then placed inside the instrument.
Mass changes were measured over time with 15 minute weighing cycles at 90, 92.5, and 95% RH
at 25°C, and samples were removed after equilibration had been reached. Equilibration was
defined as a mass change ≤0.2% within 15 minutes, and was generally reached within 72 to 160
hours for control and lyophile starches, respectively. All samples were analyzed in triplicate and
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the data were adjusted to account for the starting moisture content. Following completion of the
moisture sorption experiments, samples were immediately analyzed by PXRD to document their
physical states.
To investigate the effect of various crystalline sugars and sodium chloride on amylopectin
retrogradation, experiments were conducted that measured the moisture sorption and desorption
of wheat starch lyophile:sugar or sodium chloride blends over time as the samples were held at
95% RH and 25°C. Approximately 150 mg of wheat starch lyophile:sugar or sodium chloride
blends were added to 30 mm aluminum pans that were then placed inside the instrument at 95%
RH and 25°C. Mass changes were measured over time with 15 minute weighing cycles, and
samples were removed after equilibration had been reached (approximately 72 hours). All samples
were analyzed in duplicate.
3.3.5 Desiccator Study
The maximum % RH the SPSx-1µ Dynamic Vapor Sorption Analyzer can accurately
control and measure is 95% RH. To investigate the effect of gluten on amylopectin retrogradation
at a higher % RH, a desiccator study was conducted at 97% RH using a saturated solution of
potassium sulfate (K2SO4). Wheat flour and starch:gluten lyophiles and controls were stored in
97% RH desiccators at 25°C, and samples were weighed every 24 hours for up to 4 days for
controls and 7 days for lyophiles. For PXRD and DSC analysis, samples were held in separate
desiccators that were not opened and closed prior to further analysis. Samples were analyzed in
triplicate and the data were adjusted to account for the starting moisture content.
3.3.6 Powder X-Ray Diffraction
Powder X-ray diffraction (PXRD) was used confirm the physical state of the starch controls
and the lyophiles after freeze drying, as well as to document retrogradation and the type of starch
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crystal polymorphs formed in the lyophiles after equilibration at 90, 92.5, 95, and 97% RH.
Samples were transferred to an aluminum PXRD slide and analyzed with a Shimadzu LabX XRD6000 (Shimadzu Corporation, Kyoto, Japan) equipped with a Cu-Kα source set in Bragg-Brentano
geometry. Before analysis, calibration was done with a silicon standard. Analysis was performed
at 40kV and 50mA using fixed time with a 0.02 step size and 2.5s/step from 10°-30° 2θ. Basic
Process software version 2.6 (Shimadzu Corporation, Kyoto, Japan) was used to collect peak
information, classify crystallinity, and identify polymorph type from the diffraction patterns.
Crystallinity was classified as follows: amorphous samples displayed no discernable peaks above
the baseline; partially crystalline samples displayed small, but recognizable peaks above the
baseline; and crystalline samples showed clear, intense peaks above the baseline. Starch crystal
polymorph type was identified as follows: A-type polymorph had diffraction pattern peaks at
15.5°, 17.25°, and 23.5° 2θ; B-type polymorph had peaks at 15-15.5°, 17.25° and doublet peaks at
22.5° and 24.1° 2θ; and C-type polymorph had peaks at 15.5°, 17.25°, and a mix of A-type and Btype peaks between 22° and 24° 2θ (H. F. Zobel, 1988).
3.3.7 Photography
Lyophiles were photographed in an Elviros light box with a white background before and
after equilibration at 90, 92.5, 95, and 97% RH. A Samsung Galaxy S7 phone was used to take
the photographs.
3.3.8 Polarized Light Microscopy
Polarized light microscopy (PLM) was used to investigate visual changes that occurred
during retrogradation. Polarized light interacts strongly with birefringent (crystalline) samples,
and therefore this technique enabled the observation of birefringent or ungelatinized starch
granules within a sample. Ungelatinized starch shows typical Maltese crosses while gelatinized
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starch appears as hollow “ghosts.” Lyophiles and controls were analyzed with an Omano OM349P
Polarized Light Microscope (The Microscope Store LLC, Roanoke, VA) with an iDu microscope
attachment and iPhone 6s camera before and after 90, 92.5, 95, and 97% RH equilibration. A
small amount of sample was placed on a glass microscope slide, a drop of water was added, and a
cover slip was placed on top. Samples were observed at 100x and 400x magnification of using
polarized light in brightfield and darkfield illumination.
3.3.9 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to investigate the effect of gluten on
amylopectin crystal melting. Thermal analysis of wheat flour and starch:gluten lyophiles and
control samples after 90, 92.5, 95, and 97% RH equilibration was conducted using a Perkin Elmer
DSC 4000 (Perkin Elmer, Waltham, MA). The instrument was calibrated with indium and purged
with nitrogen gas. Approximately 7 to 12 mg of sample was added to a DSC sample pan (part No.
B0169321) (Perkin Elmer, Waltham, MA) that was then hermetically sealed. The samples were
heated from 10 to 240°C at 10°C/minute with an empty reference pan. Onset and peak melting
temperatures and enthalpy of melting were calculated using Pyris software version 10.1 (Perkin
Elmer, Waltham, MA) by identifying the intersections between tangent lines of the baseline and
sides of the peak. Samples were analyzed in triplicate.
3.3.10 Water Activity Measurements
When samples were removed from the SPSx-1µ Dynamic Vapor Sorption Analyzer, they
were immediately placed into high-density polyethylene (HDPE) water activity cups (Decagon
Devices Inc.) and capped with HDPE lids to prevent any moisture sorption or desorption with the
environment. Due to the small sample size, triplicate samples were placed into one water activity
cup for measurement. The water activities (aws) of the lyophiles and controls were measured after
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90, 92.5, 95, and 97% RH equilibration at 25°C with an AquaLab 4TE dew point water activity
meter (Decagon Devices Inc., Pullman, WA).
3.3.11 Statistical Analysis
Two-way ANOVA using Minitab 17 (Minitab Inc, State College, PA) was performed on
data collected from the moisture sorption and desorption profiles and DSC experiments. The two
factors were sample type (starch with and without gluten) and %RH. One-way ANOVA Tukey
comparisons were also performed on each of those factors. One-way ANOVA and Tukey
comparison was used on measurements collected from the moisture sorption and desorption
profiles of the wheat starch lyophiles:sugars or salt blends. A significance level of α = .05 was
used in all cases.

3.4

Results and Discussion

3.4.1 Effects of Controlled %RH Storage on the Moisture Sorption and Desorption of Wheat
Flour and Starch:Gluten Lyophiles
The previous chapter investigated amylopectin retrogradation in amorphous starch models.
To further examine the relationship between starch, gluten, and water during retrogradation,
similar experiments using starch:gluten and flour models were conducted.

The effects of

controlled %RH storage (90, 92.5, and 95%RH) on the moisture sorption and desorption of flour,
starch, and gluten controls and wheat flour and starch:gluten lyophiles are shown in Figure 3.1.
The starting moisture contents for the control starches, flour, and gluten (6.18-12.18%) and those
of the wheat flour and starch:gluten lyophiles (<0.5%) are listed in Table 3.1. These moisture
contents are consistent with previous reports with wheat flour having approximately 14% water,
wheat starch containing around 12% water, and wheat gluten having a moisture content of 5.6%
(Goesaert et al., 2005; Jansens et al., 2011; Zeleznak & Hoseney, 1987). Gelatinization followed
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by lyophilization consistently resulted in lower moisture contents than the starting controls.
Various moisture sorption and desorption values (maximum water sorbed (%), maximum water
sorbed time (h), water expelled at 120h (%), and total water expelled (%)) collected from control
starches and gluten, starch lyophiles, and wheat flour and starch:gluten lyophiles are reported in
Table 3.2. It should be noted that due to the high gelatinization temperature of 70% amylose corn
starch, the starch:gluten slurries were never fully gelatinized before lyophilization, resulting in
partially crystalline lyophiles.
Resembling results from the previous chapter, as the %RH increased, the maximum
amount of water sorbed for the starch and gluten controls and wheat flour and starch:gluten
lyophiles increased significantly and the moisture sorption and desorption kinetics also increased
(Figure 3.1 and Table 3.2). At 90%RH, the controls and lyophiles had an initial moisture sorption
that reached a plateau after 25 hours followed by no desorption over time. The lack of desorption
(Figure 3.1) indicates the critical water content needed for recrystallization was not reached at
90%RH and therefore, retrogradation did not occur (Jouppila & Roos, 1997). This is further
confirmed by comparing the critical water contents needed for recrystallization for the starch
lyophiles that were found in the previous chapter to be 28.6±0.4%, 26.8±0.3%, and 22.5±0.3% for
amylopectin (corn), wheat, and 70% amylose corn starch, respectively. At 90%RH, the maximum
water sorbed for the wheat flour (22.2±0.3%), amylopectin (corn):gluten (21.7±0.3%), wheat
starch:gluten (20.5±0.2%), and 70% amylose corn starch:gluten (20.2±0.2%) lyophiles were less
than the critical water contents needed for recrystallization to occur in the corresponding starches
(Table 3.2).
At 92.5%RH, again the flour and starch:gluten lyophiles initially sorbed water reaching a
maximum before 20 hours, and then lost water slowly over time, while the controls showed no
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desorption. The presence of water desorption at 92.5%RH indicated amylopectin recrystallization
was initiated with the increase in available water, and the maximum water sorbed for the lyophiles
at 92.5%RH therefore reached the critical water content needed for recrystallization. The critical
water contents were 25.67±0.41%, 26.3±0.1%, 24.8±0.2%, and 23.4±0.2% for the wheat flour,
amylopectin (corn):gluten, wheat starch:gluten, and 70% amylose corn starch:gluten lyophiles,
respectively (Table 3.2). The wheat flour lyophile expelled significantly more water than the other
starch:gluten lyophiles at 120h (3.4±0.4%) and in total (4.0±0.7%) (Table 3.1), indicating the
wheat flour lyophile had more retrogradation and faster retrogradation kinetics at 92.5%RH than
the other starch:gluten lyophiles.
At 95%RH, the flour and starch:gluten lyophiles again reached a maximum water sorption
by 22 hours (Table 3.2), but then the lyophiles begin to desorb water quickly. The retrogradation
kinetics were much faster at 95%RH than at 92.5%RH (Figure 3.1). At 95%RH, the starch:gluten
lyophiles had the most water sorbed and the most desorption, indicating more retrogradation
occurred at 95%RH than the other %RHs. The wheat flour lyophile expelled significantly less
water at 120h (2.9±0.2%) and in total (3.1±0.2%) than amylopectin (corn):gluten lyophile (7.3±0.1%
and 7.41±0.10%, respectively) and wheat starch:gluten lyophile (4.3±0.1% and 4.5±0.1%,
respectively) (Table 3.2). This deviates from the data at 92.5%RH where the wheat flour lyophile
expelled significantly more water than the other starch:gluten lyophiles at 120h (3.4±0.4%) and
in total (4.0±0.7%). The different retrogradation kinetics of the wheat flour lyophile at 92.5 and
95%RH explain this deviation. Retrogradation occurred faster in the wheat flour lyophile than in
the other starch:gluten lyophiles at 92.5%RH, while at 95%RH, amylopectin (corn):gluten and
wheat starch:gluten lyophiles had faster retrogradation than the wheat flour lyophile.
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At 90 and 95%RH, the amylopectin:gluten and wheat starch:gluten lyophiles sorbed
significantly more water than the corresponding starch only lyophiles. The wheat flour lyophile
also sorbed significantly more water than the wheat starch lyophile at 90 and 95%RH.
Additionally, the gluten control sorbed significantly more water than the flour and starch controls
at 90, 92.5, and 95%RH (Table 3.2). Others have also found that at 95%RH, gluten sorbs
significantly more water than wheat flour and wheat starch with moisture content values similar
to those in this study (Roman-Gutierrez, Guilbert, & Cuq, 2002). These results indicate gluten is
more hygroscopic than starch, and the presence of gluten in the starch matrix increased the amount
of water sorbed in the system. Further, at 95%RH, wheat flour and wheat:gluten lyophiles expelled
significantly less water at 120h than the wheat starch lyophile. This implies that the starch:gluten
matrix retains more water during retrogradation than starch alone, due to the presence of gluten.
These results are supported by Curti et al. (2017) who found that high-gluten bread, which had
comparable amylopectin retrogradation to control bread, retained more moisture and had less
firming (i.e. staling) after storage for seven days.
Interestingly, at 92.5%RH, the amylopectin (corn):gluten, wheat starch:gluten, and wheat
flour lyophiles sorbed significantly less water than their corresponding starch lyophiles, and they
expelled significantly more water at 120h (Table 3.2). This signifies that the presence of gluten in
the starch matrix had a greater effect on the retrogradation kinetics at 92.5%RH than at 95%RH.
At 92.5%RH, amylopectin (corn):gluten, wheat starch:gluten, and wheat flour lyophiles had
maximum water sorbed times significantly shorter than the corresponding starch lyophiles,
whereas at 95%RH, the times were not significantly different. Therefore, at 92.5%RH, the
presence of gluten caused retrogradation to begin sooner and this limited the maximum amount of
water sorbed.

Furthermore, since retrogradation was initiated sooner, more retrogradation
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occurred before 120h, thus, expelling more water from the matrix than the starch lyophiles that did
not contain gluten.
Sample type (starch with and without gluten), %RH, and the interaction between sample
type and %RH had a significant effect on the maximum water sorbed, maximum water sorbed time,
water expelled at 120h, and total water expelled (p<0.05). Therefore, starch type, the presence or
absence of gluten, and %RH play important roles in the moisture sorption and desorption and the
retrogradation of starch, wheat flour, and starch:gluten lyophiles. Additionally, increasing %RH
had different effects on the moisture sorption and desorption profiles and retrogradation for each
lyophile (Table 3.2).
3.4.2 Effects of Controlled %RH Storage on PXRD Diffraction Patterns
Retrogradation in the wheat flour and starch:gluten lyophiles after controlled %RH storage
was confirmed with PXRD, and the starch crystal polymorph type formed was determined based
on PXRD peak positions. The diffraction patterns for the control flour and starches and flour and
starch:gluten lyophiles after controlled %RH storage are shown in Figure 3.2, and these results are
summarized in Table 3.3. Similar to the starch lyophiles in the previous chapter, as %RH increased,
the crystallinity of the flour and starch:gluten lyophiles increased, indicating that as %RH
increased and the flour and starch:gluten lyophiles sorbed more water and there was enough
mobility for the amylopectin to recrystallize. Further, as %RH increased and more water was
present, the amount of retrogradation in the flour and starch:gluten lyophiles increased.
After storage at 90%RH, all lyophiles, except 70% amylose corn starch:gluten, remained
amorphous, as exhibited by diffraction patterns that were halos with no discernible peaks (Figure
3.2). The 70% amylose corn starch:gluten lyophile was partially crystalline after lyophilization,
thus it was partially crystalline at 90%RH and it remained a B-type polymorph. All the lyophiles
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held at 92.5%RH were partially crystalline after storage with weak PXRD peak intensities. After
92.5%RH storage, wheat flour, wheat starch:gluten, and amylopectin:gluten lyophiles, which
showed the A-type diffraction pattern before gelatinization, recrystallized into the A-type
polymorph (Table 3.3). The 70% amylose corn starch lyophile remained in the B-type polymorph
at 92.5%RH. After storage at 95%RH, all the lyophiles had clear peaks in their PXRD patterns
and were therefore crystalline. Again, wheat flour, wheat starch:gluten, and amylopectin:gluten
lyophiles recrystallized into the A-type polymorph, and the 70% amylose corn starch lyophile
recrystallized in the B-type polymorph. Ottenhof and Farhat (2004) found similar results in their
investigation into the retrogradation of a wheat starch:gluten (10:1) model. In their study,
amorphous wheat starch and wheat starch:gluten extruded samples with 34% water were stored at
25ºC and both samples retrograded into the A-type polymorph after 2-3 days of storage.
Interestingly, at 95%RH, the water contents for the lyophiles before recrystallization
occurred were 37.3±0.3%, 37.9±0.3%, 35.1±0.4%, and 30.3±0.2% for the wheat flour,
amylopectin (corn):gluten, wheat starch:gluten, and 70% amylose corn starch:gluten lyophiles,
respectively (Table 3.2). These values are similar to the moisture content of bread crumb (>35%
water), indicating the wheat flour and starch:gluten models stored at 95%RH were representative
of the conditions in bread crumb (Czuchajowska, Pomeranz, & Jeffers, 1989). However, unlike
in this study where at 95%RH wheat flour, wheat starch:gluten, and amylopectin:gluten lyophiles
recrystallized into the A-type polymorph, in bread crumb, the B-type polymorph is commonly
observed (H. Zobel & Kulp, 1996). In the previous chapter it was revealed that as amylopectin
recrystallizes, water is expelled from the starch crystal structure, regardless of the crystal
polymorph type formed. In this study, this was also seen as both the A-type starches (wheat flour,
amylopectin (corn):gluten, and wheat starch:gluten) and the B-type starch (70% amylose corn
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starch:gluten) had a moisture desorption event at 92.5 and 95%RH, despite the addition of gluten.
Therefore, regardless of the presence of gluten and the starch crystal polymorph type formed in
bread, water is expelled during amylopectin crystallization.
This contradicts the current bread staling hypothesis that as starch in bread recrystallizes
into the B-type polymorph, water redistributes from gluten to the starch as it is incorporated into
the starch crystal structure and thus, due to the loss in moisture, the gluten then hardens and leads
to staling (Bosmans et al., 2013; Gray & BeMiller, 2003). Following this theory, it is expected
that as starch recrystallizes and water redistributes from gluten to starch, it is immobilized within
the starch crystal structure (Kimshin, Mari, Rao, Stengle, & Chinachoti, 1991). This would then
lead to a decrease in water activity (aw) as bread stales and more water becomes immobilized.
However, others have found that the aw did not decrease as bread staling increased (Baik &
Chinachoti, 2000; Mihhalevski et al., 2012). Baik and Chinachoti (2000) found that when bread
crumb was stored without crust at 25°C, moisture content and aw remained relatively constant,
however, the bread crumb showed significant firming and amylopectin recrystallization. They
hypothesized that starch recrystallization had a greater influence on firming than water
redistribution. It was estimated that only ~ 3% of the total water is redistributed between gluten
and starch during aging (Willhoft, 1971). Further, it has been found that starch crystallinity is
frequently poorly correlated with crumb firmness (Baik & Chinachoti, 2000; Goesaert et al., 2005).
These inconsistencies have led many to theorize about the molecular basis of bread staling. Martin
et al. (1991) hypothesized crumb firming results from gluten-starch interactions, such as hydrogen
bond cross-links. Others have suggested that as starch retrogrades, a more structured network is
formed, and this may be a more significant factor in bread firming than the amount of crystallinity
(H. Zobel & Kulp, 1996). Following that theory, Hug-Iten, Escher, and Conde-Petit (2003)
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proposed that as amylopectin recrystallizes, the overall granular rigidity increases, and the
formation of hydrogen bond cross-links between amylose and amylopectin create a structured
network that influences bread crumb firming. Furthermore, others have found that compounds in
the crystalline state have a greater hardness than the same compounds in the amorphous state
(Asano et al., 1999; Kulikovsky et al., 2008). Asano et al. (1999) found that PET films increased
in hardness as the initially amorphous films became more crystalline through annealing.
Kulikovsky et al. (2008) similarly found that amorphous silicon films always had lower hardness
values than nanocrystalline silicon films. This reveals that as an amorphous compound, such as
gelatinized starch, transitions from the amorphous state to the crystalline state, the hardness of the
matrix increases. During storage, as amorphous amylopectin recrystallizes and increases the
hardness of the overall matrix this could explain the increase in bread firming that occurs during
staling. The appearance and PLM images of the lyophiles, as will be described later, further shed
a light on the relationship between amylopectin retrogradation and bread staling.
3.4.3 Effects of 97%RH Desiccator Storage on the Moisture Sorption and Desorption and
Diffraction Patterns of Wheat Flour and Starch:Gluten Controls and Lyophiles
The moisture sorption and desorption profiles and PXRD patterns for flour, starch, and
gluten controls and flour and starch:gluten lyophiles stored at 97%RH in desiccators are shown in
Figure 3.3. The flour, starch, and gluten controls and flour and starch:gluten lyophiles stored in
97%RH desiccators sorbed significantly less water than the controls and lyophiles stored at
95%RH in the SPSx-1µ Dynamic Vapor Sorption Analyzer (Table 3.2). The desiccators were
opened every 24 hours to measure mass change; therefore, the %RH in the desiccators may never
have equilibrated to 97%, thus, exposing the samples to lower and/or fluctuating %RH conditions.
Additionally, the headspace in a desiccator is more static than that in the SPSx-1µ Dynamic Vapor
Sorption Analyzer, which could alter diffusion and equilibrium kinetics. Retrogradation occurred
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rapidly at 95%RH with lyophiles sorbing a maximum amount of water between 18 and 22 hours
and then expelling a majority of the water by 60 hours (Figure 3.1 and Table 3.2). Any moisture
sorption changes that may have occurred before or between measurements were not documented
using the 97%RH desiccators in which samples were weighed at 24 hour intervals. The inherent
difference in data collection and error between the SPSx-1µ Dynamic Vapor Sorption Analyzer
and desiccator study could account for the differences in the moisture sorption and desorption
profiles and possibly the resulting retrogradation.
At 97%RH, all the lyophiles had crystalline PXRD patterns. The wheat flour, amylopectin
(corn):gluten, and wheat starch:gluten lyophiles recrystallized into the A-type polymorph, and the
70% amylose corn starch:gluten lyophile recrystallized into the B-type polymorph (Table 3.3).
This is consistent with the PXRD results for samples equilibrated at 95%RH. At 97%RH, 70%
amylose corn starch:gluten lyophile sorbed significantly less water (24.4±0.7%) than the other
starch:gluten lyophiles, likely due to the lack of complete initial gelatinization of this sample
(Table 3.2). The wheat flour lyophile expelled the most water at 120 h (3±2%) and had the shortest
maximum water sorption time (60±10), when compared with the other starch:gluten lyophiles.
This indicates that at 97%RH, wheat flour had faster retrogradation kinetics and had more
retrogradation than the other lyophiles.
3.4.4 Effects of Controlled %RH Storage on the Appearance and Polarized Light Microscope
Images of Wheat Flour and Starch:Gluten Lyophiles
Photographs and PLM images were taken of the wheat flour and starch:gluten lyophiles
before and after storage at controlled %RHs (Figure 3.4). After exposure to controlled %RH
storage, the lyophiles shriveled into hard cakes that had a glassy appearance. As %RH increased,
the lyophiles appeared more shriveled and harder as more retrogradation occurred. The wheat
flour and starch:gluten lyophiles appeared less hard and glassy than the starch only lyophiles in
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the previous chapter. The wheat flour lyophile appeared to form the softest cake of all the lyophiles.
This indicates gluten appeared to reduce the amount of recrystallization that occurred in the flour
and starch:gluten lyophiles. This is confirmed by the moisture sorption and desorption profiles
(Figure 3.1). At 95%RH, the flour, amylopectin (corn):gluten, and wheat starch:gluten lyophiles
expelled less water at 120h compared to their corresponding starch lyophiles (Table 3.2),
signifying less recrystallization occurred.
In the PLM images, the control flour and starches showed typical Maltese crosses,
indicating the presence of crystalline and birefringent starch. All lyophiles, except 70% amylose
corn starch:gluten, before storage showed no Maltese crosses or birefringence, therefore the starch
was completely amorphous. The 70% amylose corn starch:gluten lyophile, which was only
partially gelatinized, showed some birefringence, indicating it remained partially crystalline after
lyophilization. This partial crystallinity was also confirmed with PXRD (Figure 3.2). Additionally,
the 70% amylose corn starch:gluten lyophile did not shrivel up or appear as hard and glassy as the
other lyophiles did.

Since the 70% amylose corn starch:gluten lyophile was still partially

crystalline upon exposure to %RH storage, this could account for the lack of a change in
appearance as %RH increased and retrogradation increased.
The interpretation of amorphous and crystalline solid state based on PLM images
corresponded well with the PXRD diffraction patterns. From the diffraction patterns (Figure 3.2),
it was seen that as %RH increased, starch crystallinity increased. The PLM images support this
observation: as %RH increased, the amount of birefringence in the PLM images increased, thus,
crystallinity and retrogradation increased. At 92.5, 95, and 97%RH, recrystallized amylose can
be seen in the center of some of the starch granules and the birefringence on the edges of the
granules is recrystallized amylopectin. This is best seen in the wheat flour lyophile stored at
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95%RH. Hug-Iten, Handschin, Conde-Petit, and Escher (1999) found similar amylopectin and
amylose distributions in retrograded starch granules using light and polarized light microscopy
and different staining compounds to investigate the microstructure of fresh and aged (7 days at
20°C) bread crumb. The appearance of crystalline amylose in the PLM images at 92.5, 95 and
97%RH is confirmed with the emergence of the V-type polymorph peak around 20 2θ, which is
characteristic of the amylose-lipid complex, in the PXRD patterns (Figure 3.2) (H. F. Zobel, 1988).
Bread crumb is a bi-continuous structure where a continuous gluten protein network
interweaves a continuous starch fraction. The starch phase consists of swollen and gelatinized
starch granules and leached amylose, some of which has complexed with lipids (Gray & BeMiller,
2003; Hug-Iten et al., 2003; Hug-Iten et al., 1999). The PLM images of amylopectin (corn):gluten
and wheat starch:gluten lyophiles at 92.5%RH show this interaction between the starch and gluten
phases (Figure 3.4), with birefringent starch granules interwoven into the gluten protein matrix.
When bread is baked, interfaces develop between leached amylose and the amylopectin within the
gelatinized granule. During storage, amylopectin reorganizes, forming double helices on the outer
branches that are then packed into crystallites. As amylopectin recrystallizes on the edge of the
granule, the crystallites can form hydrogen bond cross-links with the leached amylose. Therefore,
amylopectin recrystallization influences the rigidity of not only the individual starch granules, but
also the overall continuous starch network (Hug-Iten et al., 2003). This increase in rigidity of the
starch matrix upon retrogradation can be seen in the appearance of the flour and starch:gluten
lyophiles after storage at high %RHs where the lyophiles shriveled into hard cakes that had a hard,
glassy appearance (Figure 3.4). Further, possible cross-links between starch granules can be seen
in the PLM images of wheat starch:gluten lyophile stored at 92.5 and 97%RH and amylopectin
(corn):gluten lyophile stored at 95%RH (Figure 3.4). Results of the moisture sorption profiles,
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PXRD patterns, appearance, and PLM images indicate bread crumb staling is better correlated to
the increase in starch matrix rigidity, caused by amylopectin recrystallization and starch polymer
cross-links, than to water redistribution during retrogradation.
3.4.5 Effects of Controlled %RH Storage on Amylopectin Melting
An example of a DSC curve collected for wheat flour lyophiles stored at 95%RH and 25°C
is shown in Figure 3.5. The first peak was considered to be amylopectin rearrangement associated
with crystal perfecting and the second peak was determined to be amylopectin melting (Shogren,
1992); therefore, only the second peak was further analyzed. The effects of controlled %RH
storage on the onset and peak temperature and the enthalpy change (ΔH) of retrograded
amylopectin crystal melting are shown in Table 3.4. The DSC curves from this study are similar
to those in studies that have evaluated amylopectin melting in limited water systems (Donovan,
1979; Jang & Pyun, 1996; Shogren, 1992). In limited water systems, amylopectin melts at much
higher temperatures than those in more dilute systems, and as the water content increases, melting
onset and peak temperatures decrease. Therefore, it was expected that as %RH increased and the %
water increased, there would be a relationship between water content and onset and peak
temperatures.
The onset and peak temperatures and ΔH, at every %RH, between wheat flour and wheat
starch:gluten lyophile were not significantly different, indicating the wheat starch:gluten lyophile
was an appropriate model of wheat flour. At every %RH, the onset and peak temperatures and ΔH
were not significantly different between the wheat flour, wheat starch:gluten, and amylopectin
(corn):gluten lyophiles and the corresponding starch only lyophiles (Table 3.4). This deviates
from experiments conducted by Eliasson (1983) where it was found in model wheat starch:gluten
systems aged up to seven days at 21°C, that the addition of gluten decreased the recrystallisation
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enthalpy of starch. This deviation could be due to the higher concentrations of gluten used and the
higher water content in the Eliasson (1983) wheat starch:gluten models. At every %RH, the onset
and peak temperatures were not significantly different between the wheat flour and starch:gluten
lyophiles and the corresponding starch controls. Further, the wheat starch:gluten and amylopectin
(corn):gluten lyophiles did not have significantly different ΔHs from their control starches at
every %RH. These results support the PXRD pattern findings (Figure 3.2 and Table 3.3) that the
A-type starches (wheat flour, wheat starch, and amylopectin (corn)) formed the A-type pattern
upon retrogradation and the B-type starch (70% amylose corn starch) formed the B-type pattern
after retrogradation.
Sample type (starch with and without gluten) and %RH had a significant effect on both
onset and peak temperatures (p<0.05). Additionally, sample type, %RH, and the interaction
between sample type and %RH had a significant effect on the ΔH and water content (p<0.05). In
this study, as %RH increased and water content increased, the onset and peak temperatures
generally decreased (Table 3.4). Furthermore, as %RH increased and amylopectin retrogradation
increased, ΔH generally increased. This is consistent with others who found that as water content
increased, onset and peak temperatures for amylopectin melting decreased (Donovan, 1979; Jang
& Pyun, 1996; Shogren, 1992).

Results from this study are also in line with others who found

that as the amount of retrogradation increased, ΔH increased (Roulet, MacInnes, Würsch, Sanchez,
& Raemy, 1988; Russell, 1987). These results therefore indicate that starch type, the presence or
absence of gluten, and %RH play important roles in amylopectin retrogradation and amylopectin
melting thermal properties. Additionally, increasing %RH had different effects on amylopectin
melting for each lyophile.
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3.4.6 Water Activity After Controlled %RH Storage
The water activities (aws) of the lyophiles collected after controlled %RH storage are listed
in Table 3.5. Due to the lower aws of the starch lyophiles compared to the corresponding starch
controls, it was hypothesized in the previous chapter that the starch granules at the starch-air
interface retrograded first and a crystalline crust formed. Thus, it became difficult for water to
diffuse into the interior of the sample to cause further equilibration and retrogradation. In general,
the wheat flour and starch:gluten lyophiles had better equilibration to the stored %RH than the
corresponding starch only lyophiles (Table 3.5). Further, the gluten control had higher a ws than
the starch controls. This signifies that the presence of gluten, which is more hygroscopic than
starch alone, increased the equilibration of the lyophiles and reduced crust formation.
3.4.7 Effect of Sugars and Salt on the Moisture Sorption and Desorption, Diffraction Patterns,
and Appearance and PLM Images of Wheat Starch Lyophiles
The effects of the addition of monosaccharide sugars (glucose, mannose, and fructose),
disaccharide sugars (sucrose, isomaltulose, maltose, and trehalose), sugar alcohols (sorbitol,
maltitol, and isomalt), and salt (sodium choloride) on the moisture sorption and desorption, PXRD
patterns, and appearance and PLM images of wheat starch lyophiles stored at 95%RH are shown
in Figures 3.6A-C, 3.7A-C, 3.8A-C, and 3.9A-C, respectively. Various moisture sorption and
desorption values (maximum water sorbed (%), maximum water sorbed time (h), total water
expelled (%), and final % water) and water activity collected from the wheat starch control, wheat
starch lyophile, and wheat starch:sugar or salt blends are reported in Table 3.6. The PXRD results
for the wheat starch control, wheat starch lyophile, and the wheat starch:sugar or salt blends that
recrystallized after 95%RH storage are shown in Table 3.7.
The wheat starch:monosaccharide (glucose, mannose, and fructose) blends had a maximum
water sorbed by 43 hours and then a slight desorption over time (1-1.8% total water expelled)
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(Figure 3.6A and Table 3.6). The wheat starch:monosaccharide blends sorbed significantly more
water, on average 12% more, than the wheat starch lyophile and wheat starch control (Table 3.6).
However, the starch:monosaccharide blends expelled significantly less water than the wheat starch
lyophile, indicating either less retrogradation occurred or the sugar presence altered the
interactions with water during retrogradation. The PXRD patterns and PLM images show the
starch remained mostly amorphous after storage (Figure 3.6B and C, respectively), and therefore
it appeared the presence of the monosaccharides reduced the starch retrogradation even in the
presence of more water. The starch:monosaccharide blends shriveled into cakes that appeared less
hard and glassy than the wheat starch lyophile, further indicating less starch recrystallization
occurred (Figure 3.6C). They also had significantly longer maximum water sorbed times than the
wheat starch lyophile (17±1) with glucose having a significantly longer time (41.776±0.003h) than
mannose (31.9±0.4h) and fructose (31.8±0.3h). This indicates retrogradation in wheat starch was
much slower in the presence of monosaccharides. Kohyama and Nishinari (1991) also found that
33% w/w sweet potato starch gelatinized in low concentrations (≤10%) of soluble sugars (glucose,
sucrose, fructose) and stored at 5°C for 14 days had slower starch retrogradation due to the
presence of sugars.
Of the wheat starch:disaccharide (sucrose, isomaltulose, maltose, and trehalose) blends,
the wheat starch:sucrose and wheat starch:isomaltulose blends showed a maximum water sorption
at 29±3h and 18.807±0.003h, respectively, and then a gradual water desorption (2.4±0.3% and
2.5±0.01% total water expelled, respectively), indicating retrogradation occurred (Figure 3.7A and
Table 3.6). This is confirmed by the PXRD patterns that show both the wheat starch:sucrose and
wheat starch:isomaltulose blends regained partial crystallinity and formed the A-type polymorph
(Figure 3.7B and Table 3.7). Also, both the wheat starch:sucrose and wheat starch:isomaltulose
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blends shriveled into cakes that appeared hard and glassy, like the wheat starch lyophile, further
indicating some starch recrystallization occurred (Figure 3.7C). The wheat starch:sucrose blend
(35.4±0.7%) sorbed significantly more water and the wheat starch:isomaltulose blend
(23.50±0.09%) sorbed significantly less water than the wheat starch lyophile (31.9±0.1%), perhaps
due to its lower solubility than sucrose (about one-fourth as soluble) (O'Donnell & Kearsley, 2012).
Chinachoti and Steinberg (1986) found that 10% sucrose dry mixed with starch at 25°C, like the
method and concentration used in this study, reduced starch recrystallization. They hypothesized
the reduction in recrystallization was due to starch-sucrose interaction.
Both the wheat starch:maltose and wheat starch:trehalose blends steadily sorbed water
during the entire storage time, had no desorption, and therefore had no retrogradation (Figure 3.7A
and Table 3.6). This is confirmed by the amorphous PXRD patterns (Figure 3.7B). Additionally,
both the wheat starch:maltose and wheat starch:trehalose blends shriveled into cakes that appeared
less hard and glassy than the wheat starch lyophile, further indicating little to no starch
recrystallization occurred (Figure 3.7C). This indicates that during the amount of time the
lyophiles were stored in this study (72 hours), maltose and trehalose inhibited retrogradation. The
samples were stored at 95%RH at 25ºC, which is lower than the deliquescence points of maltose
and trehalose (97% and 98%, respectively) (Hancock & Shamblin, 1998; Salameh, Mauer, &
Taylor, 2006) (Table 3.8). This may have played a role in the inhibition of retrogradation in the
presence of maltose and trehalose at 95%RH.
The wheat starch:sugar alcohol (sorbitol, maltitol, and isomalt) blends showed a maximum
water sorbed by 37 hours and then a slight desorption over time (1.1-1.84% total water expelled)
(Figure 3.8A and Table 3.6). The wheat starch:sorbitol (43.6±0.3%) and wheat starch:maltitol
(35.30±0.05) blends sorbed significantly more water than the wheat starch lyophile (31.9±0.1%)
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(Figure 3.8A and Table 3.6). However, all the starch:sugar alcohol blends expelled significantly
less water than the wheat starch lyophile, indicating less retrogradation occurred.

This is

confirmed by the PXRD patterns and PLM images that show the starch remained mostly
amorphous after storage (Figure 3.8B and C, respectively). The starch:sugar alcohol blends
shriveled into cakes that appeared less hard and glassy than the wheat starch lyophile, further
indicating less starch recrystallization occurred (Figure 3.8C). They also had significantly longer
maximum water sorbed times than the wheat starch lyophile (17±1). This indicates retrogradation
in wheat starch was much slower in the presence of sugar alcohols.
The wheat starch:sodium chloride blend sorbed water the during the entire storage time,
had no desorption, and therefore had no retrogradation (Figure 3.9A and Table 3.6). This is
confirmed by the amorphous PXRD pattern and the absence of birefringence in the PLM image
(Figure 3.9B and C, respectively). Additionally, the starch:sodium chloride blend formed a very
wet, gel like cake that did not appear hard or glassy, indicating no starch recrystallization occurred
(Figure 3.9C). This indicates that during the amount of time the lyophiles were stored in this study
(72 hours), sodium chloride inhibited retrogradation. Chang and Liu (1991) also found the rate of
retrogradation decreased with the addition of sodium chloride. The wheat starch:sodium chloride
blend sorbed significantly more water than the other blends (144±2%), signifying it was the most
hygroscopic additive, but starch retrogradation was still slowed in the presence of more water.
The wheat starch:sugar or salt blends had higher aws than the wheat starch control and
wheat starch lyophile. This indicates the presence of sugar or salt increased the equilibrium with
the %RH environment, perhaps due to the reduction in starch retrogradation, and therefore, crust
formation. Sugar or salt type had a significant effect on the maximum water sorbed, time to
maximum water sorbed, total water expelled, and final water content at 95%RH (p<0.05) with
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many sugars and sodium chloride increasing the amount of water sorbed and decreasing starch
retrogradation. Therefore, sugar or salt type play an important role in the moisture sorption and
desorption and the retrogradation of wheat starch lyophiles.
Sugars and salt are widely used to reduce starch retrogradation in starch-based foods,
however, the literature contains conflicting and inconsistent results on the effect of individual
sugars or salt on retrogradation. Some studies find sugars reduce or inhibit retrogradation and
some studies find sugars increase the rate of retrogradation. For example, Kohyama and Nishinari
(1991) found that 33% w/w sweet potato starch gelatinized in low concentrations (≤10%) of
sucrose and stored at 5°C for 14 days had reduced starch retrogradation whereas Germani, Ciacco,
and Rodriguez‐Amaya (1983) found 41% corn starch gelatinized in 0.5M and 1M sucrose
solutions and stored at 21°C for 5 days had increased retrogradation. Due to the variability in the
literature, the mechanism of how sugars or salt influence retrogradation remains unknown (Hoover,
1995; Wang, Li, Copeland, Niu, & Wang, 2015). Generally, the addition of sugars or salt reduces
the extent of retrogradation in starch gels and the extent of retrogradation inhibition is influenced
by the type and concentration of the sugar or salt. A common mechanism proposed for the
inhibition of retrogradation involves competition for water between the sugar or salt and starch
(Wang et al., 2015).

3.5

Conclusions
As the %RH increased, retrogradation in the wheat flour and starch:gluten lyophiles

increased. The critical water content needed to initiate recrystallization was reached at 92.5%RH
and the critical water contents were 25.67±0.41%, 26.3±0.1%, 24.8±0.2%, and 23.4±0.2% for the
wheat flour, amylopectin (corn):gluten, wheat starch:gluten, and 70% amylose corn starch:gluten
lyophiles, respectively. The retrogradation kinetics were much faster at 95%RH than at 92.5%RH
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and 90%RH.

Due to the presence of gluten, which is more hygroscopic than starch, the

starch:gluten matrix retained more water during retrogradation than starch alone. This could mean
gluten in bread helps retain moisture during staling. Additionally, starch type, the presence or
absence of gluten, and %RH had a significant effect on the moisture sorption and desorption and
the retrogradation of starch, wheat flour, and starch:gluten lyophiles (p<0.05).
After storage at 95%RH, the A-type starch (wheat flour, wheat starch:gluten, and
amylopectin:gluten) lyophiles recrystallized into the A-type polymorph and the B-type starch (70%
amylose corn starch:gluten) lyophile recrystallized in the B-type polymorph. It was found that
regardless of the presence of gluten and the starch crystal polymorph type formed, water was
expelled during amylopectin crystallization. Further, results of the moisture sorption profiles,
PXRD patterns, appearance, and PLM images indicate bread crumb staling may be better
correlated to the increase in starch matrix rigidity, caused by amylopectin recrystallization and
possible starch polymer cross-links, than to water redistribution during retrogradation.
In regards to the wheat starch:sugar or salt blends, at 95%RH it was found that
retrogradation in wheat starch was much slower in the presence of monosaccharides (glucose,
mannose, and fructose) and sugar alcohols (sorbitol, maltitol, and isomalt). Of the disaccharides
(sucrose, isomaltulose, maltose, and trehalose), only samples containing sucrose and isomaltulose
had retrogradation while maltose, trehalose, and sodium chloride inhibited retrogradation in wheat
starch.

Further, starch blends with sucrose and isomaltulose had the most retrogradation,

compared to the other blends. Lastly, it was found that sugar or salt type had a significant effect
on the moisture sorption and desorption and retrogradation of wheat starch at 95%RH (p<0.05),
with many sugars and sodium chloride increasing the amount of water sorbed and decreasing
starch retrogradation. However, due to the conflicting literature, the mechanism of how sugars or
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salt reduce or inhibit retrogradation remains uncertain. Future comprehensive studies on how
sugars and salts affect starch gelatinization and retrogradation could elucidate the mechanism
behind retrogradation retardation.

Figure 3.1. Effects of controlled %RH storage (90, 92.5, and 95) at 25°C on the moisture sorption and desorption of wheat flour and
starch:gluten lyophiles (amylopectin fraction (corn):gluten, wheat starch:gluten, and 70% amylose (corn) starch:gluten).

90

90

Figure 3.2. Effects of controlled %RH storage (90, 92.5, and 95) at 25°C on the PXRD diffraction pattern of wheat flour and
starch:gluten lyophiles (amylopectin fraction (corn):gluten, wheat starch:gluten, and 70% amylose (corn) starch:gluten).
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Figure 3.3. Effects of 97 %RH storage at 25°C on the moisture sorption and PXRD diffraction paterns of wheat flour and
starch:gluten lyophiles (amylopectin fraction (corn):gluten, wheat starch:gluten, and 70% amylose (corn) starch:gluten).
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Figure 3.4. Effects of controlled %RH storage (90, 92.5, and 95) at 25°C on the appearance and PLM images of wheat flour and
starch:gluten lyophiles (amylopectin fraction (corn):gluten, wheat starch:gluten, and 70% amylose (corn) starch:gluten).
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Figure 3.5. Example of a DSC curve of wheat flour lyophile after 95%RH storage at 25°C for 141 hours.
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Figure 3.6. Effects of the addition of monosaccharide sugars (glucose, mannose, and fructose) and controlled 95 %RH storage at 25°C
on the moisture sorption and desorption (A), PXRD diffraction patterns (B), and appearance and PLM images (C) of wheat starch
lyophiles.
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Figure 3.7. Effects of the addition of disaccharide sugars (sucrose, isomaltulose, maltose, and trehalose) and controlled 95 %RH
storage at 25°C on the moisture sorption and desorption (A), PXRD diffraction patterns (B), and appearance and PLM images (C) of
wheat starch lyophiles.
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Figure 3.8. Effects of the addition of sugar alcohols (sorbitol, maltitol, and isomalt) and controlled 95 %RH storage at 25°C on the
moisture sorption and desorption (A), PXRD diffraction patterns (B), and appearance and PLM images (C) of wheat starch lyophiles.
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Figure 3.9. Effects of the addition of sodium chloride and controlled 95 %RH storage at 25°C on the moisture sorption and desorption
(A), PXRD diffraction patterns (B), and appearance and PLM images (C) of wheat starch lyophiles.
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Table 3.1. Control Starch Starting Moisture Content
A

Control Starch
Amylopectin (corn)
Wheat
70% Amylose Corn
Wheat Flour
Gluten
A

Wet Basis % Moisture
Content
8.83±0.05d
10.29±0.06c
12.02±0.03b
12.18±0.01a
6.18±0.03e

Wheat flour and starch:gluten lyophiles had negligible moisture contents (<0.5%)
a-e
Represents significant differences (p<0.05) between starch type

22.2±
0.3cD

21.84
±
0.04cd

Wheat Flour
Lyophile

Amylopectin
(Corn) Control

23.95
±
0.02fB
26.8±
0.3cB

21.36
±
0.02dC

13.84
±
0.08gC

20.5±
0.2eD

Wheat Control

Wheat Lyophile

Wheat:Gluten
Lyophile

24.8±
0.2eC

26.3±
0.1cdC

21.7±
0.3cdD

Amylopectin
(Corn):Gluten
Lyophile

28.6±
0.4bB

15.5±
0.2fC

24.73
±
0.04eB

Amylopectin
(Corn) Lyophile

C

24.99
±
0.09eB

22.20
±
0.03cC

Wheat Flour
Control
25.67
±
0.41dC

92.5

90

Starch Type

35.1±
0.4cA

31.9±
0.1dA

28.10
±
0.04hA

37.9±
0.3aA

32.0±
0.1dA

29.61
±
0.05gA

37.3±
0.3bA

A

95
29.70
±
0.03fg

97

29±
2abB

B

29±
3abcA

20.9
±
1.0dC

30±
1aB

29±
2abAB

22.1
±
0.8dC

30±
2aB

21.6
±
0.5dC

Max Water Sorbed (%)

B

8.065±
0.005ef

22±
4defB

18±
10efB

26±
3cdeB

B

56.521
±
0.007ab

38±
3cdB

13±
2efB

42.1±
0.4bcB

90

14
±
2fgB

21
±
2cdB

19.0
36
±
0.00
6deB
28.5
±
0.4bB

22.9
±
0.5cC

28.5
±
0.4bC

17
±
2efB

32
± 1bC

92.5

eB

18.0±
0.6eB

17± 1

B

30.037±
0.007cde

21±
2deB

22±
1deC

34±
6cdBC

18± 2eB

41.4±
0.9bcB

95

A

140
±
60ab

A

140
±
60ab

96±
0abA

A

140
±
40ab

168
±
0aA

96±
0abA

60±
10bA

96±
0abA

97

Max Water Sorbed Time (h)

D

0.384±
0.009b

C

0.161±
0.009de

N/A

0.21±
0.01cdD

0.11±
0.01eC

N/A

0.42±
0.01bB

N/A

90

B

2.71±
0.08b

B

1.46±
0.03c

A

4.3±
0.1c

A

4.7±
0.1b

N/A

A

B

N/A

7.3±
0.1a

A

C

1.61±
0.06c

7.5±
0.2a

N/A

A

2.9±
0.2d

N/A

95

0.30±
0.05d

N/A

3.4±
0.4aA

N/A

92.5

C

1.8±
0.3a

B

1.5±
0.8a

N/A

C

1.2±
0.1a

B

1.3±
0.3a

N/A

3±
2aA

N/A

97

Water Expelled at 120h (%)

C

0.384±
0.009b

B

0.199±
0.005d

C

0.044±
0.003f

0.21±
0.01dC

B

3.28±
0.05bc

A

3.60±
0.03ab

0.21±
0.01eB

2.71±
0.05cB

3.3±
0.2bcB

A

B

0.13±
0.02eC

0.18±
0.02e

0.020±
0.003f

4.0±
0.7aA

A

B

0.42±
0.01bB

0.12±
0.04e

92.5

0.037±
0.002f

90

4.5±
0.1dA

5.3±
0.1cA

A

0.27±
0.01g

A

7.41±
0.10b

8.1±
0.2aA

A

0.16±
0.03g

3.1±
0.2eA

A

0.15±
0.01g

95

C

0.5±
0.9b

1±
1abB

0±
0bD

C

0.1±
0.2b

0±
0bC

0±
0bB

3±
2aAB

0±
0bB

97

Total Water Expelled (%)

Table 3.2. Moisture Sorption and Desorption Values for Control Starches, Starch Lyophiles, Wheat Flour Lyophiles, and
Starch:Gluten Lyophiles Under Controlled %RH Storage at 25°C

100

100

29.88
±
0.03aB

25.13
±
0.02aC

70% Amylose
(Corn):Gluten
Lyophile

Gluten Control

A-D

23.4±
0.2fB

20.2±
0.2eC

70% Amylose
(Corn) Lyophile

38.29
±
0.10aA

30.3±
0.2eA

29.2±
0.1gA

fA

30.18
±0.08e

C

24.6
±
0.4cd

24.4
±
0.7dB

25±
2bcdB

24.3
±
0.6dC

70.088
±
0.005aB

6± 1

fB

11±
2efC

60±
20abB

64±
2aC

B

8.5±
0.6h

C

29.0
91
±
0.00
6bC
11.9
±
0.7gh

69.619
±
0.006aB

22±
9deB

27±
0deB

50±
10bBC

96±
0abA

A

136±
60ab

72±
0bA

96±
0abA

N/A

B

N/A

AB

N/A

0.9±
0.2eB

1.34
±
0.02c

0.61±
0.04a

A

A

B

0.88±
0.03e

N/A

0.68±
0.02d

N/A

0.25±
0.02c

N/A

N/A

A

2.0±
0.6a

A

0.9±
0.2a

N/A

B

0.0019
±
0.0009f

0.61±
0.04aBC

0.28±
0.02cB

0.007±
0.001fB

Represents significant differences (p<0.05) between starches at the same RH (down a column)
Represents significant differences (p<0.05) of the same starch exposed to different RHs (across a row)

a-h

22.5±
0.3gC

13.7±
0.3gD

70% Amylose
(Corn) Control

26.37
±
0.03cB

24.01
±
0.04bC

Table 3.2 continued

0.03±
0.02g
A

B

1.0±
0.2fAB

A

1.19±
0.02f

A

0.08±
0.03g

0.02±
0.01eA

1.45±
0.01dA

0.96±
0.03dA

0.08±
0.02eA

0±
0bB

C

0.2±
0.3b

B

0.4±
0.3b

0±
0bB

101

101

A
N/A
N/A

Wheat Control

Wheat Lyophile

Wheat:Gluten Lyophile

B

B

B

A

A

A

A

A

A

A

A

92.5

B

B

B

A

A

A

A

A

A

A

A

95

B

B

B

A

A

A

A

A

A

A

A

97

PC

PC

C

A

A

C

A

A

C

A

C

90

PC

PC

C

PC

PC

C

PC

PC

C

PC

C

92.5

C

C

C

C

C

C

C

C

C

C

C

95

C

C

C

C

C

C

C

C

C

C

C
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Crystallinity After Storageb

b

A-type starch is denoted by A, B-type starch is denoted by B, and C-type starch is denoted by C
Crystalline starch is denoted by C, partially crystalline starch is denoted by PC, and amorphous starch is denoted by A

a

B

N/A

Amylopectin (Corn):Gluten Lyophile

70% Amylose (Corn):Gluten Lyophile

N/A

Amylopectin (Corn) Lyophile

B

A

Amylopectin (Corn) Control

70% Amylose (Corn) Lyophile

N/A

Wheat Flour Lyophile

B

A

Wheat Flour Control

70% Amylose (Corn) Control

90

Starch Type

Polymorph After Storagea

Table 3.3. PXRD Results After Controlled %RH Storage at 25°C for Control Starches, Starch Lyophiles, Wheat Flour Lyophiles, and
Starch:Gluten Lyophiles

102

102

Wheat:Gluten
Lyophile

Wheat Lyophile

Wheat Control

Amylopectin
(Corn):Gluten
Lyophile

Amylopectin
(Corn) Lyophile

Amylopectin
(Corn) Control

177
±
4aA
178
±
2aA
179
±
3aA
180
±
2aA
177
±
4aA
175
±
6aA

A

177
.4±
0.7a

180
±
1aA

Wheat Flour
Control

Wheat Flour
Lyophile

90

Starch Type

178
±
1aA
176
±
1aAB
178
±
1aA
176
±
5aAB
175
±
2aA
177
±
2aA

175
±
4aAB

BC

92.5
173.
8±
0.9a

179±
4aA

172.7
±
1.0aA

175±
3abA

181±
4aA

170±
2aA

175±
1aA

182±
2aA

170±
2aB

174±
2abAB

182±
3aA

181±
2aA

180±
4aA

181.6
±
0.1aA

182±
1aA

90

174±
4aA

172.5
± 1aB

172±
1aA

169±
1aB

171±
3aC

97

181±
2aA

180±
2aA

179±
4aAB

179±
2aA

179.1
±
0.7aA

177±
2abAB

175±
2abA

177±
3abAB

178.4
±
0.7aAB
182±
1aA

176±
5abA

178±
1abAB

179.3
±
0.7aAB

95

180±
1aA

178±
4aAB

176.7
±
0.7aBC

92.5

Peak Temperature (°C)

172.0
±
0.4abA

174±
3abAB

173±
6abA

174±
2abAB

176±
2aAB

95

Onset Temperature (°C)

176
±
2aA
175
±
2aB
178
±
5aA
173
±
1aB
175
±
4aA
177
±
2aA

174
±
2aB

174
±
3aC

97

300±
30abB

270±
70abB

270±
20abB

300±
20abA

270±
30abC

260±
20bB

350±
30aB

272±
7abC

90

310±
10bcdB

270±
20deB

B

330±
30abcA

320±
30bcdA

C

330±
20abcB

310±
20bcdB

285±
9cdeB

354±
6abB

92.5

512±
5abA

A

B

314±
10cdB

500±
20abc

410±
30bcA

A

400±
100c

A

450±
20abc

380±
20cA

560±
10aA

380±
10cA

97

340±
10abcd

320±
30bcdB

360±
30abcA

370±
40abcB

300±
30cdB

300±
30cdB

B

370±
10abcA

95

Change H (J/g)

20.1±
0.2dC

13.64±
0.08fD

21.32±
0.02cC

21.5±
0.3cC

15.4±
0.2eC

21.82±
0.04bcC

21.8±
0.3bcB

22.16±
0.03bC

90

21.6±
0.2fC

23.2±
0.3eC

B

23.74±
0.03cde

23.6±
0.2deB

25.4±
0.6abB

B

24.55±
0.06bcd

22± 1fB

24.86±
0.05bcB

92.5

30.6±
0.3bB

26.6±
0.2fB

27.83±
0.03eA

30.5±
0.4bA

24.00±
0.04gB

29.45±
0.06dA

34.13±
0.09aA

29.55±
0.03cdA

95

%Water

33.20±
0.01abA

32.27±
0.01abcA

22.838
±
0.010dB

A

31.55±
0.008abc

29.05±
0.01cA

24.198
±
0.008dB

35.636
±
0.009aA

23.005
±
0.010dC

97

Table 3.4. DSC Results After Controlled %RH Storage at 25°C for Control Starches, Starch Lyophiles, Wheat Flour Lyophiles, and
Starch:Gluten Lyophiles

103

103

70% Amylose
(Corn):Gluten
Lyophile

70% Amylose
(Corn) Lyophile

70% Amylose
(Corn) Control

173
±
3aA
176
±
5aA
176
±
1aA

167.0
±
1.0bB
172.7
±
0.2abA

170.0
±
0.9aAB

175 175.5 170.8 173.7
410± 450± 24.00 26.30
320± 380±
±
±
±
±
20aA 20abc
±
±
20abC
10aB
A
aA
aA
bB
aAB
B
A
3
0.7
0.6
0.6
0.04aC 0.03aB
179
176.0
480±
175±
170±
179±
173±
251± 243± 390±
13.4± 21.5±
±
±
20abc
2aA
2aA
2aA
2aA
8bC
10eC 20abB
0.3fC
0.3fB
aA
abA
A
5
0.2
180
268.5 300±
460±
174± 173±
174±
177±
177±
177±
269±
19.6± 22.0±
bcd
±
±
20
50abc
5aA
4abA
2aA
5aA
4abA
2aA
7dB
0.2dB
0.2fB
aA
abB
B
A
1
0.8
a-g
Represents significant differences (p<0.05) between starches at the same RH (down a column)
A-D
Represents significant differences (p<0.05) of the same starch exposed to different RHs (across a row)

172.5
±0.4a

Table 3.4 continued

29.3±
0.3dA

28.0±
0.1eA

A

30.10±
0.05bc

30.82±
0.03bcA

29.56±
0.02bcA

24.894
±
0.007dC

104

104

105

Table 3.5. Water Activity After Controlled %RH Storage at 25°C for Control Starches, Starch
Lyophiles, Wheat Flour Lyophiles, and Starch:Gluten Lyophiles
Starch Type
Wheat Flour Control
Wheat Flour Lyophile
Amylopectin (Corn) Control
Amylopectin (Corn) Lyophile
Amylopectin (Corn):Gluten Lyophile
Wheat Control
Wheat Lyophile
Wheat:Gluten Lyophile
70% Amylose (Corn) Control
70% Amylose (Corn) Lyophile
70% Amylose (Corn):Gluten Lyophile
Gluten Control

90
0.8147
0.8492
0.8019
0.4828
0.7473
0.7469
0.6223
0.7249
0.7711
0.5502
0.6526
0.8552

92.5
0.8972
0.8542
0.8607
0.5941
0.8742
0.882
0.7121
0.8186
0.8647
0.5007
0.7309
0.9181

95
0.9082
0.8327
0.9187
0.7326
0.8262
0.9072
0.8449
0.8401
0.9112
0.8208
0.6717
0.9317

97
0.9357
0.9477
0.9327
0.9295
0.9416
0.9362
0.9421
0.9464
0.9261
0.931
0.9313
0.9368

a-i

Max Water Sorbed
(%)
28.10 ± 0.04f
31.9 ± 0.1d
41.7 ± 0.7b
43.0 ± 0.7b
41.5 ± 0.5b
35.4 ± 0.7c
23.50 ± 0.09g
28.7 ± 0.5ef
30.9 ± 0.4de
43.6 ± 0.3b
35.30 ± 0.05c
31.73 ± 0.06d
144 ± 2a

Max Water Sorbed
Time (h)
30.037 ± 0.007d
17 ± 1e
41.776 ± 0.003b
31.9 ± 0.4cd
31.8 ± 0.3cd
29 ± 3cd
18.807 ± 0.003e
71.4 ± 0.2a
71.5 ± 0.2a
37 ± 7bc
31.8 ± 0.3cd
31.306 ± 0.003cd
71.871 ± 0.003a

Total Water
Expelled (%)
0.27 ± 0.01d
5.3 ± 0.1a
1.0 ± 0.3cd
1.7 ± 0.6bc
1.8 ± 0.2bc
2.4 ± 0.3b
2.5 ± 0.1b
0.025 ± 0.005d
0.009 ± 0.010d
1.1 ± 0.8cd
1.39 ± 0.07bc
1.84 ± 0.08bc
0 ± 0d

Final % Water
27.83 ± 0.03gh
26.6 ± 0.2h
40.7 ± 1.0bc
41.3 ± 0.1bc
39.7 ± 0.3c
33 ± 1de
21.0 ± 0.2i
28.7 ± 0.5fgh
30.9 ± 0.4ef
42.5 ± 0.6b
33.9 ± 0.1d
29.9 ± 0.1fg
144 ± 2a

Represents significant differences (p<0.05) between sample type or wheat starch lyophile:sugar or salt blends

Sample Type or Sugar or Salt
Type in Lyophile Blend
Wheat Control
Wheat Lyophile
Glucose
Mannose
Fructose
Sucrose
Isomaltulose
Maltose
Trehalose
Sorbitol
Maltitol
Isomalt
NaCl

aw
0.9072
0.8449
0.9123
0.9313
0.9349
0.9076
0.9188
0.9271
0.9266
0.9364
0.9357
0.9301
0.9515

Table 3.6. Moisture Sorption and Desorption Values and Water Activity (aw) for Wheat Starch Control, Wheat Starch Lyophile, and
Wheat Starch Lyophile:Sugar or Salt Blends at 95% RH Storage at 25°C

106

106

107

Table 3.7. PXRD Results for Wheat Starch Lyophile:Sugar or Salt Blends at 95% RH Storage at
25°C
Sugar Type
Wheat Control
Wheat Lyophile
Sucrose
Isomaltulose

Polymorph Type After Storage at 95%
RHa
A
A
A
A
a

Crystallinity After Storage at 95%
RHb
C
C
PC
PC

A-type starch is denoted by A
Crystalline starch is denoted by C and partially crystalline starch is denoted by PC

b

108

Table 3.8. Deliquescence Points (RH0s) for Sugars and Sodium Chloride at 25°C
Sugar or Sodium Chloride
Glucose anhydrous
Mannose
Fructose
Sucrose
Isomaltulose hydrate
Maltose monohydrate
Trehalose dihydrate
Sorbitol
Maltitol
Isomalt
Sodium Chloride

RH0s (%) at 25°C
90
61-62
85
97
98 at 23°C
67
75

Reference
(Salameh, Mauer, & Taylor, 2006)
(Salameh et al., 2006)
(Salameh et al., 2006)
(Salameh et al., 2006)
(Hancock & Shamblin, 1998)
(Salameh et al., 2006)
(Mauer & Taylor, 2010)

109

3.6

References

Asano, T., Calleja, F. J. B., Flores, A., Tanigaki, M., Mina, M. F., Sawatari, C., Hatta, I. (1999).
Crystallization of oriented amorphous poly (ethylene terephthalate) as revealed by X-ray
diffraction and microhardness. Polymer, 40(23), 6475-6484.
Baik, M. Y., & Chinachoti, P. (2000). Moisture redistribution and phase transitions during bread
staling. Cereal Chemistry, 77(4), 484-488. doi:10.1094/cchem.2000.77.4.484
Biliaderis, C. G. (2009). Structural Transitions and Related Physical Properties of Starch.
Bosmans, G. M., Lagrain, B., Ooms, N., Fierens, E., & Delcour, J. A. (2013). Biopolymer
Interactions, Water Dynamics, and Bread Crumb Firming. Journal of Agricultural and
Food Chemistry, 61(19), 4646-4654. doi:10.1021/jf4010466
Chang, S. M., & Liu, L. C. (1991). Retrogradation of Rice Starches Studied by Differential
Scanning Calorimetry and Influence of Sugars, Nacl and Lipids. Journal of Food Science,
56(2), 564-&. doi:10.1111/j.1365-2621.1991.tb05325.x
Chinachoti, P., & Steinberg, M. P. (1986). Crystallinity of Waxy Maize Starch as Influenced by
Ambient-Temperature Absorption and Desorption, Sucrose Content and Water Activity.
Journal of Food Science, 51(4), 997-&. doi:10.1111/j.1365-2621.1986.tb11217.x
Curti, E., Carini, E., & Vittadini, E. (2017). Staling and water dynamics in high-gluten bread.
European Food Research and Technology, 243(7), 1173-1182. doi:10.1007/s00217-0162832-8
Czuchajowska, Z., Pomeranz, Y., & Jeffers, H. C. (1989). Water Activity and Moisture-Content
of Dough and Bread. Cereal Chemistry, 66(2), 128-132.
Donovan, J. W. (1979). Phase-Transitions of the Starch-Water System. Biopolymers, 18(2), 263275. doi:10.1002/bip.1979.360180204

110
Eliasson, A. C. (1983). Differential Scanning Calorimetry Studies on Wheat-Starch Gluten
Mixtures .2. Effect of Gluten and Sodium Stearoyl Lactylate on Starch Crystallization
during Aging of Wheat-Starch Gels. Journal of Cereal Science, 1(3), 207-213.
Farhat, I. A., Blanshard, J. M., & Mitchell, J. R. (2000). The retrogradation of waxy maize starch
extrudates: Effects of storage temperature and water content. Biopolymers, 53(5), 411-422.
doi:10.1002/(SICI)1097-0282(20000415)53:5<411::AID-BIP5>3.0.CO;2-M
Germani, R., Ciacco, C., & Rodriguez‐Amaya, D. (1983). Effect of sugars, lipids and type of starch
on the mode and kinetics of retrogradation of concentrated corn starch gels. Starch‐Stärke,
35(11), 377-381.
Goesaert, H., Brijs, K., Veraverbeke, W. S., Courtin, C. M., Gebruers, K., & Delcour, J. A. (2005).
Wheat flour constituents: how they impact bread quality, and how to impact their
functionality.

Trends

in

Food

Science

&

Technology,

16(1–3),

12-30.

doi:http://dx.doi.org/10.1016/j.tifs.2004.02.011
Gray, J. A., & BeMiller, J. N. (2003). Bread Staling: Molecular Basis and Control. Comprehensive
Reviews in Food Science and Food Safety, 2(1), 1-21. doi:10.1111/j.15414337.2003.tb00011.x
Hancock, B. C., & Shamblin, S. L. (1998). Water vapour sorption by pharmaceutical sugars.
Pharmaceutical Science & Technology Today, 1(8), 345-351. doi:10.1016/s14615347(98)00088-1
Hoover, R. (1995). Starch retrogradation. Food reviews international, 11(2), 331-346.
Hug-Iten, S., Escher, F., & Conde-Petit, B. (2003). Staling of bread: Role of amylose and
amylopectin and influence of starch-degrading enzymes. Cereal Chemistry, 80(6), 654661. doi:10.1094/cchem.2003.80.6.654

111
Hug-Iten, S., Handschin, S., Conde-Petit, B., & Escher, F. (1999). Changes in starch
microstructure on baking and staling of wheat bread. Food Science and TechnologyLebensmittel-Wissenschaft & Technologie, 32(5), 255-260.
Imberty, A., Buléon, A., Tran, V., & Pérez, S. (1991). Recent Advances in Knowledge of Starch
Structure. Starch - Stärke, 43(10), 375-384. doi:10.1002/star.19910431002
Imberty, A., & Pérez, S. (1988). A Revisit to the 3-Dimensional Structure of B-Type Starch.
Biopolymers, 27(8), 1205-1221. doi:10.1002/bip.360270803
Jang, J. K., & Pyun, Y. R. (1996). Effect of moisture content on the melting of wheat starch.
Starch-Starke, 48(2), 48-51. doi:10.1002/star.19960480204
Jansens, K. J., Lagrain, B., Rombouts, I., Brijs, K., Smet, M., & Delcour, J. A. (2011). Effect of
temperature, time and wheat gluten moisture content on wheat gluten network formation
during thermomolding. Journal of Cereal Science, 54(3), 434-441.
Jouppila, K., & Roos, Y. H. (1997). The physical state of amorphous corn starch and its impact on
crystallization.

Carbohydrate

Polymers,

32(2),

95-104.

doi:http://dx.doi.org/10.1016/S0144-8617(96)00175-0
Kimshin, M. S., Mari, F., Rao, P. A., Stengle, T. R., & Chinachoti, P. (1991). O-17 NuclearMagnetic-Resonance Studies of Water Mobility during Bread Staling. Journal of
Agricultural and Food Chemistry, 39(11), 1915-1920. doi:10.1021/jf00011a004
Kohyama, K., & Nishinari, K. (1991). Effect of Soluble Sugars on Gelatinization and
Retrogradation of Sweet-Potato Starch. Journal of Agricultural and Food Chemistry, 39(8),
1406-1410. doi:10.1021/jf00008a010

112
Kulikovsky, V., Vorlíček, V., Boháč, P., Stranyánek, M., Čtvrtlík, R., Kurdyumov, A., & Jastrabik,
L. (2008). Hardness and elastic modulus of amorphous and nanocrystalline SiC and Si
films. Surface and Coatings Technology, 202(9), 1738-1745.
Martin, M. L., Zeleznak, K. J., & Hoseney, R. C. (1991). A Mechanism of Bread Firming .1. Role
of Starch Swelling. Cereal Chemistry, 68(5), 498-503.
Mauer, L. J., & Taylor, L. S. (2010). Water-Solids Interactions: Deliquescence. In M. P. Doyle &
T. R. Klaenhammer (Eds.), Annual Review of Food Science and Technology, Vol 1 (Vol.
1, pp. 41-63). Palo Alto: Annual Reviews.
Mihhalevski, A., Heinmaa, I., Traksmaa, R., Pehk, T., Mere, A., & Paalme, T. (2012). Structural
Changes of Starch during Baking and Staling of Rye Bread. Journal of Agricultural and
Food Chemistry, 60(34), 8492-8500. doi:10.1021/jf3021877
O'Donnell, K., & Kearsley, M. (2012). Sweeteners and sugar alternatives in food technology: John
Wiley & Sons.
Ottenhof, M. A., & Farhat, I. A. (2004). The effect of gluten on the retrogradation of wheat starch.
Journal of Cereal Science, 40(3), 269-274. doi:http://dx.doi.org/10.1016/j.jcs.2004.07.002
Rogers, D., Zeleznak, K., Lai, C., & Hoseney, R. (1988). Effect of native lipids, shortening, and
bread moisture on bread firming. Cereal Chem, 65(5), 398-401.
Roman-Gutierrez, A. D., Guilbert, S., & Cuq, B. (2002). Distribution of water between wheat flour
components: A dynamic water vapour adsorption study. Journal of Cereal Science, 36(3),
347-355. doi:10.1006/jcrs.2002.0470

113
Roulet, P., MacInnes, W. M., Würsch, P., Sanchez, R. M., & Raemy, A. (1988). A comparative
study of the retrogradation kinetics of gelatinized wheat starch in gel and powder form
using X-rays, differential scanning calorimetry and dynamic mechanical analysis. Food
Hydrocolloids, 2(5), 381-396. doi:http://dx.doi.org/10.1016/S0268-005X(88)80003-1
Russell, P. L. (1987). The Aging of Gels from Starches of Different Amylose Amylopectin Content
Studied by Differential Scanning Calorimetry. Journal of Cereal Science, 6(2), 147-158.
Salameh, A. K., Mauer, L. J., & Taylor, L. S. (2006). Deliquescence lowering in food ingredient
mixtures. Journal of Food Science, 71(1), E10-E16.
Shogren, R. L. (1992). Effect of Moisture-Content on the Melting and Subsequent Physical Aging
of Cornstarch. Carbohydrate Polymers, 19(2), 83-90. doi:10.1016/0144-8617(92)90117-9
Wang, S., Li, C., Copeland, L., Niu, Q., & Wang, S. (2015). Starch Retrogradation: A
Comprehensive Review. Comprehensive Reviews in Food Science and Food Safety, 14(5),
568-585. doi:10.1111/1541-4337.12143
Willhoft, E. M. (1971). Bread Staling .1. Experimental Study. Journal of the Science of Food and
Agriculture, 22(4), 176-&. doi:10.1002/jsfa.2740220406
Zeleznak, K. J., & Hoseney, R. C. (1987). The Glass-Transition in Starch. Cereal Chemistry, 64(2),
121-124.
Zobel, H., & Kulp, K. (1996). The staling mechanism. FOOD SCIENCE AND TECHNOLOGYNEW YORK-MARCEL DEKKER-, 1-64.
Zobel, H. F. (1988). Starch Crystal Transformations and Their Industrial Importance. StarchStarke, 40(1), 1-7. doi:10.1002/star.19880400102

114

PRELIMINARY RAPID VISCO ANALYZER STUDIES
ON THE EFFECT OF SUGARS ON THE THERMAL BEHAVIOR AND
AMYLOSE RETROGRADATION OF WHEAT STARCH

4.1

Abstract
In the presence of sugars, the gelatinization temperature of starch is increased. This is

important in the structure and texture of many low moisture baked goods (i.e. cookies), where less
gelatinization is desired. As the food industry reformulates foods with less sucrose or with
alternative sweeteners, textural changes to foods caused by changes to starch gelatinization must
be considered. However, the exact mechanism(s) by which sugars influence starch gelatinization
is still not fully understood. In this study, the Rapid Visco Analyzer (RVA) was used to investigate
the effect of various sugar types and concentrations on wheat starch gelatinization, pasting, and
amylose retrogradation.

Different molar concentrations and saturated solutions of

monosaccharides (glucose and fructose), disaccharides (sucrose, isomaltulose, and maltose), and
sugar alcohols (sorbitol and isomalt) were used. The “Standard 1” method was used for RVA
analysis. All solutions, except 1M glucose and 0.5M maltose increased the pasting temperature of
wheat starch. Saturated sucrose and fructose had the greatest effect on the pasting curves and
pasting temperature of wheat starch with pasting temperatures that exceeded 95°C. Generally, as
the concentration of the sugar increased, the pasting temperature increased, and gelatinization was
delayed. However, many saturated solutions deviated from this trend. Many of the RVA profiles
in the presence of sugars lacked a breakdown trough and setback in the curve, indicating sugars
affect the extent of gelatinization and the resulting leaching of amylose and amylose retrogradation.
The size, glycosidic linkage, and stereochemistry of the sugars may influence their interactions
with water and starch and therefore influence their effect on starch gelatinization and pasting.
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Results from this preliminary study are a small portion of more comprehensive study being
conducted on the effects of different sugars on starch gelatinization.

4.2

Introduction
The two main components of starch are amylose and amylopectin. Amylose is primarily

linear with α-(1-4)- linked D-glucose units and amylopectin is a large and highly branched
polysaccharide with α-(1-4)- linked D-glucose backbones and about 5% α-(1-6)- linked branches
(Richard F. Tester, Karkalas, & Qi, 2004). Starch granules consist of alternating amorphous and
semi-crystalline shells. The amorphous shells contain most of the amylose in the granule and some
non-crystalline amylopectin regions, while the semi-crystalline shells are comprised of stacks of
alternating amorphous and crystalline lamellae. The amorphous lamellae consist of amylopectin
branching regions, internal amylopectin chains, and some amylose. The crystalline lamellae
mostly contain clusters of amylopectin double helices that formed from the short, external chains
of amylopectin (Goesaert et al., 2005; Pérez & Bertoft, 2010; Vamadevan & Bertoft, 2015).
At room temperature, native starch granules are insoluble in water and thus exhibit minimal,
reversible swelling if later removed from water. However, as starch is heated in excess water,
irreversible disruption of the granule ordered structure occurs.

This process is known as

gelatinization. During gelatinization, starch granules swell and sorb water. As water enters the
starch, the molecular mobility in the amorphous regions of the granule increases and this mobility
initiates disruption of molecular order, such as dissociation of the amylopectin double helices.
This results in crystallite melting and the loss of birefringence and crystallinity. As starch swells
irreversibly and the granule is disrupted, amylose becomes more soluble and leaches from the
granule, increasing the viscosity of the starch suspension. This phenomenon is pasting. Further
heating and shear will collapse the granule structure, which is now comprised of mainly
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amylopectin (R. F. Tester & Morrison, 1990). After gelatinization and pasting, the restoration of
molecular order in starch is known as retrogradation. As the gelatinized and amorphous starch is
cooled, the amylose that leached from the granules reorganizes, recrystallizes into double helices,
and forms a cross-linked amylose network outside the granule. This is known as amylose
retrogradation, or gelation, which is associated with an increase in viscosity.

Amylose

retrogradation determines gel hardness and the initial structure and texture of starch-based food
products, including many baked products as they cool down after baking (Miles, Morris, Orford,
& Ring, 1985).
The gelatinization temperature of starch is increased in the presence of sugars, and this is
important in the structure and texture of many low moisture baked goods (i.e. cookies), where less
gelatinization is desired (Pareyt & Delcour, 2008). However, the exact mechanism by which
sugars influence starch gelatinization is still not fully understood. Some propose that sugars
compete for water, lower the aw, and prevent starch-water interactions, thereby increasing the
gelatinization temperature (Beleia, Miller, & Hoseney, 1996). Others propose that starch-sugar
interactions play a role in delaying starch gelatinization (Spies & Hoseney, 1982). In this study,
the Rapid Visco Analyzer (RVA) was used to investigate the effect of various sugar types and
concentrations on starch gelatinization, pasting, and amylose retrogradation. This preliminary
study is a small portion of more comprehensive study being conducted on the effects of different
sugars on starch gelatinization.

4.3

Materials and Methods

4.3.1 Materials
Wheat starch from ADM (Decatur, IL) was used to determine the effect of sugars on starch
RVA profiles. Sucrose from Mallinckrodt Baker, Inc. (Phillipsburg, NJ); D-glucose anhydrous
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from Avantor Performance Materials, Inc. (Center Valley, PA); isomalt from BENEO-Palatinit
GmbH (Mannheim, Germany); D-(+)-maltose monohydrate from Fisher Scientific (Fair Lawn,
NJ); D-sorbitol from Ameresco (Solon, OH); and D(-)-fructose and isomaltulose hydrate from
Acros Organics (New Jersey) were used to investigate their effect on starch thermal properties and
amylose retrogradation. All water used in experiments was deionized and filtered by a Barnstead
E-Pure Lab Water System (Dubuque, IA) to >17.4 milliohm-cm.
4.3.2 Solution Preparation
Different molar concentrations and saturated solutions of glucose (1, 2, 3, 4M, and
saturated), fructose (1, 2, 3, 4M, and saturated), sucrose (0.5, 1, 1.5, 2M, and saturated),
isomaltulose (0.5, 1, 1.5M, and saturated), maltose (0.5, 1, 1.5M, and saturated), sorbitol (1, 2, 3,
4M, and saturated), and isomalt (0.5, 1, 1.5M, and saturated) were prepared in duplicate in the
following manner. Water was pipetted in quantities of 30 mL into 50 mL clear plastic capped
centrifuge tubes. The meniscus was marked and then 25 mL of water was removed. Sugars were
weighed and added to the prepared centrifuge tubes. Water was then pipetted into the tubes up to
the 30 mL mark. The solutions were warmed for 1 hour at 80°C and then agitated and equilibrated
overnight at room temperature.
4.3.3 Rapid Visco Analyzer (RVA)
The sugar solutions or water (25 mL) were pipetted into 38mm RVA canisters, 3 g of wheat
starch was then added to the canister, and the RVA paddle was used to mix the slurry. Once a
homogenous slurry was formed, the canister was inserted into the RVA (Newport Scientific, RVA4), and the sample was analyzed using “Standard 1” method. In the “Standard 1” method, samples
are mixed at 960 rpm for 1 minute. After this, samples are mixed at 160 rpm and heated from
50°C to 95°C in 3 minutes and 45 seconds, held at 95°C for 2 minutes and 30 seconds, and then
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cooled from 95°C to 50°C in 3 minutes and 45 seconds. The total analysis time was 13 minutes.
Thermocline for Newport software (Newport Scientific, RVA-4) was used to collect pasting
profiles and peak, trough, breakdown, final, and setback viscosities and peak viscosity time and
pasting temperature. All samples were analyzed in duplicate for RVA profiles. However, due to
issues with the software, some samples did not have duplicate RVA profile values collected.
4.3.4 Statistical Analysis
One-way ANOVA and Tukey comparisons were used on the RVA profile values that were
collected from the samples. A significance level of α = .05 was used.

4.4

Results and Discussion
The RVA profiles of wheat starch in water (control), monosaccharide sugar solutions

(glucose and fructose), disaccharide sugar solutions (sucrose, isomaltulose, and maltose), and
sugar alcohol solutions (sorbitol and isomalt) are shown in Figures 4.1, 4.2A-B, 4.3A-C, and 4.4AB, respectively. The RVA profile values of wheat starch in each sugar solution, including peak
viscosity (cP), trough viscosity (cP), breakdown viscosity (cP), final viscosity (cP), setback
viscosity (cP), peak time (minutes), and pasting temperature (°C) are summarized in Table 4.1.
Wheat starch in water exhibited a traditional pasting curve with a clear peak viscosity (3000±100
cP), breakdown (440±90 cP), and setback (1030±20 cP) with a pasting temperature of 70±20°C
(Figure 4.1 and Table 4.1). The measured pasting temperature is consistent with others that found
wheat starch begins to swell at 45-50°C and continues until 85°C (R. F. Tester & Morrison, 1990).
All sugar solutions, except 1M glucose and 0.5M maltose, increased the pasting temperature of
wheat starch. However, the pasting temperatures for 1M glucose and 0.5M maltose solutions, both
60±20°C, were not significantly different from the pasting temperature in water. Saturated sucrose
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and fructose solutions had the greatest effect on the pasting curves and pasting temperature of
wheat starch with pasting temperatures that exceeded 95°C.
For the monosaccharide solutions (glucose and fructose), as the sugar concentration
increased, the pasting temperature increased, with 4M glucose and saturated fructose solutions
having the highest pasting temperatures at 94±2ºC and >95ºC, respectively (Figure 4.2A-B and
Table 4.1). Glucose molar solutions (1-4M) and fructose molar solutions (1-4M) had larger peak
and final viscosities than the control. Alternatively, both saturated glucose and saturated fructose
solutions had lower peak and final viscosities than the control. For glucose solutions, the peak and
final viscosities increased as concentration increased and reached a maximum at 2M (4900±100
cP and 5600±100 cP, respectively), after which the viscosities decreased, except for the saturated
solution (Table 4.1).

For fructose solutions, the peak and final viscosities increased as

concentration increased and reached a maximum at 3M (5800±200 cP and 7000±20 cP,
respectively), after which the viscosities decreased (Table 4.1). Additionally, the 4M and saturated
glucose solutions and the 4M fructose solution had little breakdown trough formation in the pasting
curve (Figure 4.2A-B). Saturated fructose had no pasting curve, indicating in the presence of a
saturated fructose solution, the pasting temperature had increased above 95°C.
For sucrose, the 1M solution resulted in the largest peak and final viscosities in the starch
RVA profiles (4200±300 cP and 5000±400 cP, respectively), and as the concentration increased,
the peak and final viscosities decreased (Figure 4.3A). The 2M sample had a small pasting curve
while saturated sucrose had no pasting curve, indicating the starch pasting temperature had
increased above 95°C.

In sucrose solutions, as the concentration increased, the pasting

temperature increased (Table 4.1). For isomaltulose, the 0.5M solution had the largest peak and
final viscosities (3900±300 cP and 4300±400 cP, respectively), and as the concentration increased,
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the peak and final viscosities decreased, except saturated isomaltulose, which had viscosities
between those found for starch in 1 and 1.5M isomaltulose solutions (Figure 4.3B and Table 4.1).
Maltose had similar effects on starch RVA profiles to isomaltulose, where the 1M solution had the
highest peak and final viscosities (4540±60 cP and 5370±60 cP, respectively), and as the
concentration increased, the peak and final viscosities decreased, except saturated maltose, which
had the highest viscosities (4880±50 cP and 6000±100 cP, respectively) (Figure 4.3C and Table
4.1). It was expected that saturated isomaltulose would have the highest pasting temperature due
to the higher concentration, however, saturated isomaltulose had a pasting temperature less than
the 1.5M sample. This was also seen in saturated maltose that resulted in starch slurries that had
a lower pasting temperature than at 1.5M. The viscosities of saturated isomaltulose and maltose
solutions may have influenced the pasting curve and increased the overall viscosity thereby
altering the calculated pasting temperature. For the disaccharide solutions, 1.5M and 2M sucrose,
1M, 1.5M, and saturated isomaltulose, and 1.5M maltose solutions had little to no breakdown
trough formation in the pasting curves (Figure 4.3A-C).
For sorbitol, 2M samples had the largest peak and final viscosities (4270 cP and 5002 cP,
respectively), after which as the concentration increased, the peak and final viscosities decreased
(Figure 4.4A and Table 4.1). For isomalt, 0.5M had the largest peak and final viscosities
(3600±200 cP and 4100±200 cP, respectively), after which as the concentration increased, the peak
and final viscosities decreased (Figure 4.4B and Table 4.1). Exceptions for both of these sugars
were seen in the saturated solutions. Sorbitol at 4M and isomalt at 1.5M had much smaller pasting
curves, however, the saturated solutions had much higher viscosities that were more similar to
those at lower concentrations. Additionally, the pasting temperature for saturated sorbitol was
lower than in the 3 and 4M solutions and the pasting temperature for saturated isomalt was lower
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than in the 1.5M solution. It was expected that the saturated solutions would have smaller pasting
curves and higher pasting temperatures than the other solutions, however this data contradicts this.
Perhaps, due to the saturated environment and limited water interactions, saturated sugar solutions
deviate from expected trends. For the sugar alcohols, 3M and 4M sorbitol and 1M, 1.5M, and
saturated isomalt had little to no breakdown trough formation in the pasting curves (Figure 4.4AB).
Many of the RVA profiles in the presence of sugars lacked a breakdown trough and setback
in the curve (Figure 4.2-4.4). This indicates that these sugars at certain concentrations affected the
extent of gelatinization and pasting and also affected the resulting leaching of amylose and
amylose retrogradation. The lack of breakdown indicates the starch was only partially gelatinized
and the granules were not fully ruptured. This would have reduced the amount of amylose leached
from the granules (Pongsawatmanit, Thanasukarn, & Ikeda, 2002). The lack of setback indicates
less amylose retrogradation occurred, perhaps due to less leached amylose or to the influence of
sugars on amylose recrystallization. With sugars affecting starch gelatinization, pasting, and
amylose retrogradation, it is logical to assume the sugars would influence the resulting
amylopectin retrogradation that occurs during storage.
Various sugar types at different concentrations had a significant effect on the peak viscosity,
trough viscosity, breakdown viscosity, final viscosity, setback viscosity, peak time, and pasting
temperature (p<0.05).

In general, glucose, fructose, and maltose solutions had the highest

breakdown and setback viscosities, while sucrose, isomaltulose, and isomalt solutions had the
lowest breakdown and setback viscosities. Additionally, generally, sucrose, isomaltulose, and
isomalt solutions had the highest pasting temperatures, while glucose, fructose, maltose, and
sorbitol solutions had the lowest pasting temperatures. This indicates that sucrose, isomaltulose,
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and isomalt delayed gelatinization and pasting and prevented starch granule rupture and the
resulting leaching of amylose. The size, glycosidic linkage, and stereochemistry of the sugars may
influence their interactions with water and starch and therefore influence their effect on starch
gelatinization and pasting. Isomalt and isomaltulose have α-1,6 linkages and sucrose has an α-1,2
linkage, while maltose has an α-1,4 linkage. These different linkages lead to differences in
molecular flexibility and therefore interactions with starch and water. Perhaps the α-1,4 linkage
in maltose reduces interactions with water and starch, thus leading to lower gelatinization/pasting
temperatures and more granule disruption and breakdown. Further, sucrose, isomaltulose, and
isomalt are larger sugars than glucose and fructose. With a larger size, these sugars could have
more interactions with starch and a greater stabilizing effect on the starch structure, thereby
delaying starch gelatinization/pasting more than the smaller sugars.

4.5

Conclusions
All sugar solutions, except 1M glucose and 0.5M maltose increased the pasting temperature

of wheat starch from that in water alone. Saturated sucrose and fructose had the greatest effect on
the pasting curves and pasting temperature of wheat starch with pasting temperatures that exceeded
95°C. Generally, as the concentration of the sugar increased, the pasting temperature increased
and gelatinization was delayed. However, many saturated solutions deviated from this trend.
Many of the RVA profiles in the presence of sugars lacked a breakdown trough and setback in the
curve, indicating sugars affect the extent of gelatinization and the resulting leaching of amylose
and amylose retrogradation. The size, glycosidic linkage, and stereochemistry of the sugars may
influence their interactions with water and starch and therefore influence their effect on starch
gelatinization and pasting. With sugars affecting starch gelatinization, pasting, and amylose
retrogradation, it is logical to assume the sugars would influence the resulting amylopectin
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retrogradation that occurs during storage. Results from this preliminary study are a small portion
of more comprehensive study being conducted on the effects of different sugars on starch
gelatinization.

Figure 4.1. Standard 1 RVA profile of wheat starch in water.
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Figure 4.2. Standard 1 RVA profiles of wheat starch in monosaccharide sugar solutions: 1M, 2M, 3M, 4M, and saturated glucose
solutions (A) and 1M, 2M, 3M, 4M, and saturated fructose solutions (B).
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Figure 4.3. Standard 1 RVA profiles of wheat starch in disaccharide sugar solutions: 0.5M, 1M, 1.5M, 2M, and saturated sucrose
solutions (A), 0.5M, 1M, 1.5M, and saturated isomaltulose solutions (B), and 0.5M, 1M, 1.5M, and saturated maltose solutions (C).
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Figure 4.4. Standard 1 RVA profiles of wheat starch in sugar alcohol solutions: 1M, 2M, 3M, 4M, and saturated sorbitol solutions (A)
and 0.5M, 1M, 1.5M, and saturated isomalt solutions (B).
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Saturated Sucrose
0.5M
Isomaltulose
1M Isomaltulose
1.5M
Isomaltulose
Saturated
Isomaltulose
0.5M Maltose
1M Maltose
1.5M Maltose
Saturated Maltose
1M Sorbitol

3000±3000bcdef

Saturated
Glucose
1M Fructose
2M Fructose
3M Fructose
4M Fructose
Saturated
Fructose
0.5M Sucrose
1M Sucrose
1.5M Sucrose*
2M Sucrose

759±6abcde
790±30abcde

3500±200abcd
3300±300abcde
1720cdefgh
300±200gh
43±5h
3200±300abcde
2300±80cdefgh
1300±200defgh
2170±20cdefgh
3650±20abcd
3700±40abc
2700±100abcdefg
3795±5abc
3400±500abcd

4100±300abcd
4200±300abcd
2366abcdefgh
600±200fgh

200±100h

3900±300abcd

3100±100

1800±300cdefgh

2990±20abcdefgh

4340±60abc
4540±60abc
3550±90abcde
4880±50ab
4100±500abcd

690±40abcde
840±10abcd
900±40ab
1080±60a
699±0abcde

815±6abcde

500±60bcdef

200±100f

670±30abcdef
922±8ab
646abcdef
300±10ef

320±80def

3±0h

320±80gh

370±50cdef
630±20abcdef
940±30ab
920±20ab

4200±100abc
4670±90ab
4800±200a
3700±100abc

500±600bcdef

730±20abcde

Breakdown
Viscosity (cP)
440±90bcdef
650±30abcdef
777±5abcde
1043ab

4570±70abc
5300±100ab
5800±200a
4600±200ab

2000±3000cdefgh

2400±300bcdefgh

3200±300abcdef

4M Glucose
gh

Trough Viscosity
(cP)
2590±30abcdefg
3700±200abc
4200±100abc
3559abcde

Peak Viscosity
(cP)
3000±100abcdefg
4400±200abc
4900±100ab
4602abcd

Sample
Water
1M Glucose
2M Glucose
3M Glucose*

4900±10abcdef
5370±60abc
4500±80abcdefg
6000±100abc
4700±500abcdef

3440±10bcdefgh

2100±300efghi

3550±90bcdefgh

4300±300abcdefg

100±100i

4700±300abcdef
5000±400abce
2866bcdefghi
1000±200hi

160±30i

5350±90abc
6100±100abc
7000±20a
6200±200ab

i

3000±4000cdefgh

h

Final Viscosity
(cP)
3620±50bcdefgh
4900±200abcdef
5600±100abc
5379abcdef
3800±300abcdefg

1250±30cdefgh
1670±10abcdefg
1850±50abcd
2200±100ab
1261±1bcdefgh

1270±10bcdefgh

820±60ghij

1246±5cdefgh

1150±20defgh

100±90j

1230±30defgh
1760±60abcde
1146bcdefghij
681±9hij

160±30ij

1150±40defgh
1430±50bcdefgh
2150±50abc
2520±60a

1000±1000efghij

1400±20bcdefgh

Setback Viscosity
(cP)
1030±20defghi
1238±9defgh
1470±50bcdefgh
1820abcdefg

7±0a
7±0a
7±0a
7±0a
7±0a

7±0a

7±0a

7±0a

7±0a

1.2±0.1b

7±0a
7±0a
7a
7±0a

1.07±0b

7±0a
7±0a
7±0a
7±0a

7±0a

7±0a

Peak Time
(min)
6.97±0.05a
7±0a
7±0a
7a

Table 4.1. Standard 1 RVA Profile Values of Wheat Starch in Sugar Solutions

60±20cd
79.92±0.04abcd
87.6±0.7abc
81.9±0.5abcd
76±3abcd

84.3±0.6abcd

90.0±0.6abc

79±6abcd

77.0±0.5abcd

Error

75±2abcd
80.75±0.07abcd
88.8abcd
94.9±0.1a

Error

72±1abcd
75.85±0.07abcd
82±1abcd
84±9abcd

90±10abc

94±2a

Pasting
Temperature (°C)
70±20abcd
60±20bcd
78.3±0.2abcd
85.55abcd

128

128

2M Sorbitol*
3M Sorbitol
4M Sorbitol
Saturated
Sorbitol
0.5M Isomalt
1M Isomalt
1.5M Isomalt
Saturated
Isomalt
3100±400abcde
2780±50abcdef
2300±200cdefgh
1020±90efgh
2242±4cdefgh

4000±300abcd

3600±200abcde
3100±300abcdefg
1500±100defgh

3090±9abcdefg

850±10abc

800±100abc
800±100abcd
440±40bcdef

800±100abcd

814abcde
800±300abcde
441±3bcdef

3655±6 bcdefgh

4100±200abcdefgh
3500±300bcdefgh
1800±200dfghi

4600±300abcdef

5002abcdefg
4000±2000bcdefgh
1370±90ghi

1410±10bcdefgh

1300±200bcdefgh
1220±50defgh
770±70fghij

1500±100bcdefgh

1546abcdefgh
1400±400bcdefgh
870±20

a-j

*Samples did not have duplicate values
Represents significant differences (p<0.05) between sample type

3456abcde
2000±1000bcdefgh
500±100fgh

4270abcde
3000±2000abcdef
900±100efgh

Table 4.1 continued

7±0a

7±0a
7±0a
7±0a

7±0a

7a
7±0a
7±0a

83.90±0.07abcd

80.2±0.6abcd
83.6±0.6abcd
91±1abc

81±5abcd

50.2d
84±2abcd
94.4±0.2a

129

129

130
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SUMMARY AND FUTURE DIRECTIONS

5.1

Summary
The molecular mechanism involved in bread staling and the role and distribution of water

during starch retrogradation are still not fully understood. One goal of this work was to provide
more information on starch retrogradation in low-moisture models that are more representative of
many starch-based foods. The second objective was to determine whether water was incorporated
into or expelled from amylopectin as crystal structures formed during retrogradation. Moisture
sorption techniques and model starch, starch:gluten, and wheat flour systems were used to
investigate the role and distribution of water during amylopectin retrogradation. It was found that
regardless of the type of starch, the presence or absence of gluten, or the starch crystal polymorph
type formed, water was expelled during amylopectin crystallization. When the critical water
content is reached, mobility in the amorphous starch matrix increases and reorganization of the
amylopectin can occur. During this reorganization, either 4 water molecules per unit cell are
incorporated into the A-type polymorph, or 36 water molecules per unit cell are incorporated into
the B-type polymorph. Once either the A-type or B-type crystal hydrate structure has been formed
during recrystallization, the excess water is expelled from the starch. If this occurs in bread, the
expelled water would be available to plasticize the gluten and prevent gluten hardening.
Additionally, the presence of gluten was found to increase the amount of water present in the
models after retrogradation compared to the starch only models. This could mean gluten helps
retain moisture during bread staling. Lastly, the results of these studies indicate bread crumb
staling may be better correlated to the increase in starch matrix rigidity, caused by amylopectin
recrystallization and possible starch polymer cross-links, than to water redistribution during
retrogradation.
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Generally, as the %RH increased, retrogradation in all starch models increased. Further, the
retrogradation kinetics were much faster at 95%RH than at 92.5%RH and 90%RH. The critical
water content needed to initiate amylopectin recrystallization was reached at 92.5, 95, and 97%RH
in all starch models. The PXRD data also indicated that A-type starch retrograded into the A-type
pattern and B-type starch retrograded into the B-type pattern at 95%RH. In regard to the effect of
sugars or sodium chloride on wheat starch retrogradation at 95%RH, it was found that
retrogradation was much slower in the presence of monosaccharides (glucose, mannose, and
fructose) and sugar alcohols (sorbitol, maltitol, and isomalt). Of the disaccharides (sucrose,
isomaltulose, maltose, and trehalose), only samples containing sucrose and isomaltulose had
retrogradation while maltose, trehalose, and sodium chloride inhibited retrogradation in wheat
starch. Lastly, starch blends with sucrose and isomaltulose had the most retrogradation, compared
to the other blends.

The results from these model starch:sugar systems provide a better

understanding of the interactions between pregelatinized starch and crystalline ingredients found
in food products, such as instant puddings, and the resulting product quality and function when
exposed to high RHs. Overall, the results of this work offer further knowledge into the role of
water in amylopectin retrogradation and the relationship between starch type, the presence/absence
of gluten or sugars, environmental RH (aw), moisture sorption prior to retrogradation, and water
redistribution during retrogradation.

5.2

Future Directions
Future work could be done to further investigate amylopectin retrogradation in model systems.

The same techniques used in this work could be used to investigate amylopectin retrogradation in
more starch types, such as other B-type starches and C-type starch. This investigation could
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provide more data on the type of amylopectin crystal polymorphs formed after retrogradation and
how available water affects polymorph formation in different starch types.
In this study, crystalline sugars and sodium chloride were blended with wheat starch lyophiles,
and it was found that many crystalline sugars and sodium chloride increased the amount of water
sorbed and decreased wheat starch retrogradation. However, in most foods, starch is gelatinized
in the presence of sugars and the resulting matrix is amorphous. More comprehensive studies on
how sugars and salts affect starch gelatinization and retrogradation could clarify the mechanism
behind starch gelatinization temperature increase and retrogradation retardation in the presence of
sugars and salts. Different starch types could be gelatinized in sugar and salt solutions with varying
concentrations, frozen, and freeze dried. These dried, amorphous lyophiles could then be exposed
to high %RHs (>90%) and analyzed with the same techniques used in this work. Further,
starch:gluten and wheat flour models could be evaluated to determine how sugars or salts affect
the starch-gluten matrix upon gelatinization and retrogradation, similar to what is found in many
starch-based foods. Results from study would provide more information on how sugars and salts
interact with starch and water and affect gelatinization and the resulting retrogradation. These
results could help the food industry overcome hurdles associated with reducing sugar in starchbased food products.
Lastly, more RVA studies with more sugars and different starch types could be investigated.
These results would further elucidate how sugars and different concentrations of sugars affect
starch gelatinization, pasting, and amylose retrogradation. Additionally, starch:gluten and wheat
flour RVA studies could be done to evaluate the effect of sugars on the starch-gluten matrix.

